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 Although the transition metal chemistry of many dialkylamido ligands has been 
well studied, the chemistry of the bulky di(tert-butyl)amido ligand has been largely 
overlooked.  The di(tert-butyl)amido ligand is well suited for synthesizing transition 
metal compounds with low coordination numbers; such compounds may exhibit 
interesting structural, physical, and chemical properties.  Di(tert-butyl)amido complexes 
of transition metals are expected to exhibit high volatilities and low decomposition 
temperatures, thus making them well suited for the chemical vapor deposition of metals 
and metal nitrides. 
 Treatment of MnBr2(THF)2, FeI2, CoBr2(DME), or NiBr2(DME) with two 
equivalents of LiN(t-Bu)2 in benzene affords the two-coordinate complex M[N(t-Bu)2]2, 
where M is Mn, Fe, Co, or Ni.  Crystallographic studies show that the M-N distances 
decrease across the series: 1.9365 (Mn), 1.8790 (Fe), 1.845 (Co), 1.798 Å (Ni).  The N-
M-N angles are very close to linear for Mn and Fe (179.30 and 179.45º, respectively), but 
bent for Co and Ni (159.2 and 160.90º, respectively).  As expected, the d5 Mn complex 
has a magnetic moment of 5.53 μB that is very close to the spin only value. The EPR 
spectrum is nearly axial with a low E/D ratio of 0.014.  The d6 Fe compound has a room 
temperature magnetic moment of 5.55 μB indicative of a large orbital angular momentum 
contribution.  It does not exhibit a Jahn-Teller distortion despite the expected doubly 
degenerate ground state.  Applied field Mössbauer spectroscopy shows that the effective 
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internal hyperfine field is unusually large, Hint = 105 T.  The magnetic moments of 
Co[N(t-Bu)2]2 and Ni[N(t-Bu)2]2 are 5.24 and 3.02 μB respectively. Both are EPR silent at 
4.2 K. 
 Treatment of TiCl4 with three equivalents of LiN(t-Bu)2 in pentane affords the 
briding imido compound Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2 via a dealkylation reaction.  
Rotation around the bis(tert-butyl)amido groups is hindered, with activation parameters 
of ΔH‡ = 12.8 ± 0.6 kcal mol-1 and ΔS‡ = -8 ± 2 cal K-1·mol-1, as evidenced by variable 
temperature 1H NMR spectroscopy.  Treatment of TiCl4 with two equivalents of HN(t-
Bu)2 affords Ti2Cl6[N(t-Bu)2]2.  This complex shows a close-contact of 2.634(3) Å 
between Ti and the carbon atom of one of the CH3 substituents on the tert-butyl groups.  
Theoretical considerations and detailed structural comparisons suggest this interaction is 
not agostic in nature, but rather is a consequence of interligand repulsions. 
 Treatment of NiI2(PPh3)2 and PdCl2(PPh3)2 with LiN(t-Bu)2 in benzene affords 
Ni[N(t-Bu)2](PPh3)I and Pd3(µ2-NBut2)2(µ2-PPh2)Ph(PPh3) respectively.  The compound 
Ni[N(t-Bu)2](PPh3)I has distorted T-shape in geometry, whereas Pd3(µ2-NBut2)2(µ2-
PPh2)Ph(PPh3) contains a triangular palladium core. 
 Manganese nitride films were grown from Mn[N(t-Bu)2]2 in the presence of 
anhydrous ammonia.  The growth rate was several nanometers per minute even at the 
remarkably low temperature of 80 ⁰C.  As grown, the films are carbon- and oxygen-free, 
and have a columnar morphology.  The spacings between the columns become smaller 
and the films become smoother as the growth temperature is increased.  The composition 
of the films is consistent with a stoichiometry of Mn5N2. 
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To all the children of broken and dysfunctional homes. 
 
Let education help you break the cycle. 
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Chapter 1:  Introduction 
Part 1:  An Overview on Current Advances in Metal Nitride Chemical Vapor 
Deposition Chemistry. 
 
Metal nitride formation is common amongst the transition metals (Table 1.1).  
These transition metal nitrides exhibit a range of useful properties (Table 1.2), including 
high thermal and electrical conductivity, high melting points, extreme hardness, corrosion 
resistance, and superconductivity.  These properties give metal nitrides a wide range of 
applications, such as wear-resistant tool coatings,1 microelectronic barrier materials,2 
Josephson junctions,3 decorative coatings,4 solar-control coatings,5 and magnetic 
recording media.6 
 Microelectronic applications require coating small features with high aspect 
ratios.  This requirement can be problematic from a processing standpoint.  Standard 
physical vapor deposition methods deliver highly reactive atoms that tend to stick 
irreversibly, on the surface.  For high aspect ratio features, the high sticking coefficients 
characteristic of PVD result in poor conformal coverage, especially on the sides and 
corners of trenches or other features.  Chemical vapor deposition (CVD) can solve this 
problem and deliver conformal coverage.  In CVD, less reactive molecules are delivered 
to the surface; these molecules are able to adsorb and desorb many times before 
decomposing.  This ability allows them to be delivered to all parts of the device being 
coated, resulting in more uniform film growth and conformal coverage. 
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Group 
2 
Group 
3 
Group   
4 
Group 
5 
Group   
6 
Group 
8 
Group  
9 
Group 
10 
Group 
11 
ScN7, 8 TiN,7, 8 
Ti2N8 
VN,7, 8 
V2N7, 8 
CrN,7, 8 
Cr2N7, 8 
Mn4N,7, 8 
Mn2N,8 
Mn3N28 
FeN7 
Fe2N7, 8 
Fe3N7 
Fe4N7, 8 
CoN7 
Co2N,8 
Co3N,7, 8 
Co3N27, 8 
Ni3N,7, 8 
Ni3N2,7, 8 
 
Cu3N7, 9 
YN8 ZrN7, 8 NbN,7, 8 
Nb4N3,8 
Nb2N8 
MoN,7, 8 
Mo2N7, 8 
TcN8  
— 
 
— 
 
— 
Ag3N10 
LaN7, 8 HfN7, 8 TaN,7, 8 
Ta2N,7, 8 
Ta3N57, 8 
WN,7, 8 
W2N7, 8 
Re2N7, 8  
— 
 
— 
PtN11  
— 
 
Table 1.1.  Nitride formation is common among the transition metals, except for the late   
        second and third row transition metals.                     
 
 
 
 
 
 TiN VN TaN Mo2N Fe4N Cu3N 
Melting Point 
(K) 
3220 2619 3093 2223 943 decomposes
MicroHardness 
(Kg/mm2) 
2100 1500 1000 1700 230 900 
Resistivity  
(µΩ cm) 
25 85 128 19.8 — 151 
Magnetic 
susceptibility 
(106 emu/mol) 
48 130  
— 
 
 
Ferromagnetic  
— 
 
Table 1.2.  Physical properties of selected transition metal nitrides.7-9, 12
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Before CVD can be used to grow thin films, a suitable precursor molecule must 
be selected.  Several discussions on the subject have been previously published,13-17 but a 
brief discussion of the factors to consider along with the work that has been done 
concerning metal nitride precursors will be discussed here.  Although the development of 
new techniques such as aerosol assisted CVD18, 19 and liquid injection CVD15 have 
allowed nonvolatile and less stable molecules to be explored as precursors, this 
discussion will be limited to those molecules that are volatile yet stable enough to be 
transported to a substrate through the gas phase. 
An acceptable CVD precursor will be volatile enough to provide sufficient 
precursor flux for film growth and have a decomposition pathway available to it that 
leads to the desired compound for the film.  Several methods are used to increase 
volatility of CVD precursors, involving the use of bulky and/or polydentate ligands to 
ensure coordinative saturation with lower molecular weights by preventing the formation 
of oligomers,14, 15, 19 unsymmetrical or heteroleptic ligand sets to break symmetry and 
inhibit crystal packing,19, 20 and fluorinated ligands which often have smaller lattice 
energies than their hydrogenated counterparts.15, 19, 21 
Early CVD methods to deposit metal nitrides involved the reaction of metal 
halides (MXn) with a nitrogen source, such as ammonia or dinitrogen.22, 23  Although 
these methods give conformal films, they typically have to be carried out at very high 
temperatures which may not be compatible with the device the film is to be deposited on.  
Furthermore, the halide atoms can promote corrosion by formation of the HX acid either 
during growth or after the film is exposed to air.  One alternative to MXn precursors is 
metal carbonyl compounds.  Metal carbonyl compounds are often volatile and do not 
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produce corrosive side products.   In the presence ammonia, both metal carbonyls24 and 
their derivatives25 can be suitable metal nitride CVD precursors. 
The vast majority of non MXn metal nitride precursors contain nitrogen bound 
ligands such as amido, imido, and amine ligands.  By having a nitrogen atom bound 
directly to the metal center, kinetic effects may favor the formation of the metal nitride 
phase and exclude other elements, such as carbon that may also be present in the ligands; 
for this reason, design of a precursor molecule often entails incorporation of strong metal-
nitrogen interactions.  Amido groups have a lone pair that is able to donate into an empty 
d-orbital on the metal center thus strengthening the metal-nitrogen interaction, and imido 
groups usually form strong metal-nitrogen multiple bonds.  Both amido and imido groups 
are excellent choices to include in a precursor molecule for metal nitride CVD. 
The first attempts to grow films using a transition metal nitride precursor 
employed the dialkylamides, many of which were originally synthesized by D. C. 
Bradley.  The Ti(NR2)4 (R = Me, Et, nPr, nBu) complexes were first reported to serve as 
TiN precursors in 1975; however, these films were black or reddish-brown in color 
instead of gold colored and showed a great deal of carbon contamination.17, 26, 27  The 
carbon contamination has long been thought to be the result of β-hydride elimination17 
and recent mass spectroscopy studies have supported this hypothesis.28  Making the 
amido groups cyclic (R = pyrrolidinyl, piperidinyl) hinders β-hydride elimination and has 
the effect of lowering the amount of carbon in the TiN films.13  Another means to remove 
carbon from the films is the use ammonia as a co-reactant during growth.23, 29-32  When 
ammonia is used as a co-reactant, the Ti(NR2)4  precursors undergo transamination, and 
the nitrogen incorporated into the film does not come from the bound amide group but 
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from the ammonia instead.30-33  Going against the trend of trying to avoid halogens in 
metal nitride precursors, Carmalt et al. investigated precursors of the type TiCl2(NtBu)L3, 
where L is a bound nitrogen containing ligand.  The best films were grown when L was 
pyridine.  Interestingly, no chlorine was detected in the films by XPS.34, 35 
For tantalum nitride, the precursor Ta(NEt2)5 has been investigated; but when 
employed as a TaN CVD precursor, but not surprisingly it suffers from the same 
problems of carbon contamination as Ti(NMe2)4.36  However, in the presence of 
ammonia, the Ta(NMe2)5 precursor forms Ta3N5 films.37  The formation of Ta3N5 films is 
common when tantalum starts in the Ta(V) oxidation state because the reduction of 
Ta(V) to Ta(III) has a very negative potential.38  The formation of Ta3N5 is a problem for 
microelectronic applications for which the electrically conducting TaN phase is desired.  
The precursor originally described as Ta(NEt2)5,39 but later found to be a mixture of 
Ta(EtNCHCH3)(NEt2)3 and (Et2N)3Ta=NEt40, gives TaN films that contain 15-20% 
carbon.41, 42  The high carbon content can, in part, be attributed to the Ta-C bond already 
present in Ta(EtNCHCH3)(NEt2)3.  When Ta(EtNCHCH3)(NEt2)3  is removed and only 
(Et2N)3Ta=NEt is used as the precursor films containing only 10% carbon result.43-45 
Similar to Ta(NEt2)5, both Nb(NMe2)5 and Nb(NEt2)4  produce Nb3N4 films in the 
presence of ammonia between 200 and 400 ⁰C.37  Niobium compounds of the general 
formula (Et2N)3Nb=NR (R = tBu, iPr, nPr) have been used to successfully grow NbN 
films at 550 ⁰C  much like the tantalum complexes of analogous composition.46     The 
silylimido complexes TaCl2(NSiMe3)(NC5H3Me-3,5)2 and 
{NbCl3(NSiMe2Ph)[NH2(SiMe2Ph)]}2 produce TaN and NbN films respectively.  
Remarkably, despite having both silicon and chlorine in the precursor, neither element is 
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found in the resulting films.47   The dimeric, chloride-bridged imido complex 
[TaCl2(NBut)(NHBut)(NH2But)]2, first synthesized by Nielson,48 was found by Winter to 
grow Ta3N5 films when used as a CVD precursor at temperatures between 500 and 600 
⁰C.49  Interestingly, Winter found the analogous niobium complex, 
NbCl2(NBut)(NHBut)(NH2But)]2, afforded NbN films under similar growth conditions.49   
The strong metal-nitrogen bond characteristic of imido complexes has also been 
exploited in the tungsten nitride precursor (tBuN)2W(NHBut)2.50  The use of tert-butyl 
groups makes these complexes stable against β-hydride elimination, because they lack β-
hydrogens.  Films of WNx (x = 0.7 – 1.8) grown on Si were initially reported to be 
relatively low in carbon by secondary ion mass spectroscopy, but a later Auger electron 
spectroscopy study of films grown on a Pt foil showed the presences of 40% carbon, even 
when the films were grown at high temperatures.51  GC-MS and thermal desorption 
experiments revealed the primary decomposition products to include tert-butyl amine, 
isobutylene, acetonitrile, methane, and dihydrogen.50, 51  When (tBuN)2W(NEt2)2 is used 
as the precursor, EtN=CHCH3 is observed as a decomposition product because the β-
hydride elimination pathway is once again allowed.52 
In recent years, there has been more interest in using the bidentate β-
diketiminato53 amidinato,54-56 and guanidinato,56-60 and ligands (Figure 1.1) in metal 
nitride CVD precursors.  The bidentate nature of these ligands makes it easier to prevent 
oligomerization and cyclometallation reactions that lead to low volatilities.  Of these 
three classes of ligands, the guanidinato ligands have been studied the most for CVD 
precursors to metal nitrides. 
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Figure 1.1.  The β-diketiminato (a), amidinato (b), and guanidinato (c) ligands. 
Fischer and coworkers found that the guanidinato based tantalum nitride 
precursor, Ta(NtBu)(NMeEt)[(NiPr)2C(NMeEt)], produced smooth TaN films with 
carbon levels below the detection limits of secondary neutral mass spectroscopy (0.5 
at%).  When Fischer attempted to grow tungsten nitride films using either 
W(NtBu)2H[(NiPr)2CNMe2] or W(NtBu)2(NMe2)[(NiPr)2CNMe2], WN2 films resulted but 
with higher carbon (~50 at%) and lower nitrogen (< 10 at%) content, unless ammonia 
was used as a coreactant.57, 59, 60  A similar strategy has been successfully used with the 
popular acetylacetonato and hexafluoroacetylacetonato ligands in metal oxide CVD 
precursors.  
 A large portion of the research contained within this thesis was motivated by the 
study of the transition metal di(tert-butyl)amido complexes and, when applicable, their 
possible use as a metal nitride precursors.  What follows is a brief discussion of transition 
metal amide chemistry and the known chemistry of the di(tert-butyl)amido ligand.  
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Part 2:  An Overview of Transition Metal Amido Chemistry and the Known 
Complexes of the Di(tert-butyl)amido Ligand. 
 
 Although the first d-block amide transition metal complex, Zn(NEt2)2, was 
prepared in 1856,61 the first open-shell transition metal amido complex was not 
synthesized until Ti(NPh2)4 was prepared in 1935.62  Other than Ti(NPh2)4, transition 
metal amido complexes were completely ignored until the late 1950s, but since then, 
hundreds of this type of complex have been synthesized. 
 Amido ligands are versatile and have the ability to be either one or three electron 
donors.  This varied donor ability results in three possible metal-amide bonding (Figure 
1.2).  In the first binding mode (a), the amide is a sigma donor formally donating one 
electron to the metal center.  The second binding mode (b) accounts for why the majority 
of mononuclear metal amido complexes are planar around the nitrogen atom; in this 
mode, the lone pair on the nitrogen π-bonds to an empty d-orbital on the metal atom. 
Planarity on nitrogen maximizes the overlap between the occupied p-orbital on the 
nitrogen and an empty d-orbital on the metal atom.  When the substituents on the nitrogen 
are large the planarity around the nitrogen can be explained by steric factors; furthermore, 
the energy of rotation around the M-N bond tends to be low.  For these reasons the 
importance of π-donation from the amide often has to be determined by other methods.  
Amides can also donate the lone pair of electrons intermolecularly to form oligomers, 
binding mode (C).  In these oligomers, the metal atoms need not be the same.   
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Figure 1.2. Amido ligand acting as a one electron donor (a), amido ligand π-bonding                         
         into an empty d-orbital on the metal (b), and an amido ligand donating one            
         electron to one metal center while donating two more electrons to another        
         metal center (c). 
 
 The five general ways used to synthesize metal amido complexes are alkane 
elimination, hydrogen elimination, ammonium halide elimination, transamination and 
transmetallation (Figure 1.3).  Although in principle alkane and hydrogen elimination 
should produce quantitative yields of transition metal amido products that are easy to 
purify, in practice the utility of these two synthetic routes is limited by the availability of 
suitable transition metal alkyls and hydrides.  Ammonium halide elimination is best 
applied to halides of early transition metals in high oxidation states, such as titanium(IV) 
and tungsten(VI).  In the case of heavier transition metals, stable transition metal-amine 
adducts often form instead of transition metal amides.  Transamination is useful when the 
amine being displaced is volatile, such as HNMe2.  Steric effects can come into play 
when the attacking amine is more sterically demanding than the amine being eliminated; 
these steric effects often lead to partial (i.e. incomplete) transamination reactions.  The 
workhorse of transition metal amido chemistry has been the transmetallation reaction.  In 
this method the transition metal halide is typically treated with a sodium or lithium amide 
as an isolated reagent or generated in situ.  The formation of the sodium or lithium halide 
salt drives the reaction forward and yields are generally high.   
10 
 
LnMR + HNR'2 LnMNR'2 + HR Alkane Elimination
LnMH + HNR2 LnMNR2 + H2 Hydrogen Elimination
LnMX + 2HNR2 LnMNR2 + R2NH2X Ammonium Halide Elimination
LnMNR2 + HNR'2 LnMNR'2 + HNR2 Transamination
LnMX + M'NR2 LnMNR2 + M'X Transmetallation  
Figure 1.3.  General reaction schemes for the five most common reaction types seen in       
         metal amide chemistry. 
 
 The chemistry of dialkylamides has been thoroughly studied, with the exception 
of the sterically bulky di(tert-butyl)amido ligand.  Only five complexes of the di(tert-
butyl)amido ligand have previously been synthesized, and only two of those five 
incorporate transition metals.   The relatively small number of di(tert-butyl)amido 
complexes reflects, in part, the difficulty associated with synthesizing di(tert-
butyl)amine; a high-yield but lengthy synthetic route to the amine was reported in 1972.63  
Lappert was able to prepare the first metal di(tert-butyl) amides by treating 
GeCl2(C4H8O2) and SnCl2 with LiN(tBu)2.64  Both compounds are volatile solids that 
decompose readily when exposed to heat or light.  Lappert was able to determine by EPR 
spectroscopy that the materials decompose when exposed to light into the di(tert-
butyl)amide radical and elemental germanium or tin.  Unfortunately, due to the instability 
of these compounds, Lappert was not able to characterize them structurally. 
 In 1997, Schumann prepared the linear bis[di(tert-butyl)amido]zinc complex by 
treating ZnCl2 with the lithium amide.65  Although several linear or near linear 
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di(silyl)amides of zinc are known, Schumann’s report was the first of a linear 
di(alkyl)amide of zinc.66  The steric bulk of the di(tert-butyl)amido ligand is illustrated by 
the corresponding di(isopropyl) amido complex, Zn[N(i-Pr)2]2, which is dimeric with 
bridging amido groups. 
 Potratz reported the first open-shell transition metal complexes of the di(tert-
butyl)amido ligand in 2000.67  The first of these was the linear iron(II) compound, 
Fe[N(tBu)2]2, which, interestingly, was prepared by treating FeCl3 with LiN(tBu)2.  The 
Fe[N(tBu)2]2 compound was the first example of a truly linear two-coordinate transition 
metal amide with a N-Fe-N bond angle of 179.5⁰ and a dihedral angle between the two 
amide planes of 80.5⁰ (Figure 1.4).  The second compound reported by Potratz was the 
chromium(II) complex, Cr[N(tBu)2]3.  Which is structurally similar to other compounds of 
the general formula M[N(SiMe3)2]3.68 
 This thesis extends the preliminary results to an in depth investigation of the 
chemistry of the di(tert-butyl)amide ligand. 
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Figure 1.4.  ORTEP of Fe[N(tBu)2]2.  View showing the linearity along the N-Fe-N bond    
         axis (a) and a view showing the dihedral angle (b). 
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Chapter 2:  Synthesis and Characterization of Two-Coordinate Di(tert-butyl)amido   
         Complexes of Manganese(II), Iron(II), Cobalt(II) and Nickel(II). 
Introduction 
Only a few two-coordinate open-shell complexes of transition metals have been 
synthesized and structurally characterized (Table 2.1).  Owing to the extremely high 
degree of coordinative unsaturation, such metal complexes tend to exhibit interesting 
reactivity and structural features.1-11  Recently it has also been shown that some of these 
complexes may also exhibit interesting physical properties such as unusually high 
magnetic moments.12 
The stability of two-coordinate complexes depends on employing ligands that 
have sufficient steric bulk to saturate the coordination sphere.  Among the ligands that are 
known to produce two-coordinate metal complexes are aryls,13, 14 alkyls,8, 15, 16 amides,1, 4, 
9 borylamides,2, 3, 10 thiolates17 and selenotates.18  The majority of the known two-
coordinate transition metal complexes bear amido ligands, in part because the presence of 
two substituents on the nitrogen atoms makes it relatively easy to engineer a ligand with 
sufficient bulk.  In contrast, alkoxide, thiolate, and selenolate ligands each bear only one 
substituent on the heteroatom.  Sterically bulky aryl and alkyl ligands are relatively easy 
to engineer, but there are fewer examples of two-coordinate complexes of these ligands, 
in part because of the tendency of the metal complexes to undergo reductive coupling 
reactions:  MR2  →  M + R-R.  This reaction channel is less thermodynamically favorable 
for amido ligands owing to the weakness of the N-N bond in hydrazines.      
If a ligand without sufficient steric bulk is employed, dimers often result.  The 
importance of steric bulk in two-coordinate complexes can be easily demonstrated by 
comparing the chemistry of the bis(trimethylsilyl)amido ligand with that of the bulkier 
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bis(phenyldimethylsilyl)amido and bis(diphenylmethylsilyl)amido analogues. When 
Anderson treated FeBr2(THF)2 with LiN(SiMe3)2, the three-coordinate bridged dimer 
{Fe[N(SiMe3)2]2}2 resulted.1, 19 In contrast, when Power replaced one or two of the 
methyl groups on the -N(SiMe3)2 ligand with bulkier phenyl groups, he was able to obtain 
two-coordinate compounds of MnII, Fe II, and Co II.4, 9     
Many of the two-coordinate transition metal amido complexes have N-aryl 
substituents, which often form weak interactions with the metal center.20  These 
interactions increase the effective electron count of the electron poor metal center by 
donation of pi electrons from the aryl ring, and stabilize the complex with respect to 
dimerization by the steric shielding effect of the aryl ring.   
Although steric factors clearly contribute to the stabilization of two-coordinate 
transition metal complexes, electronic factors may play a more subtle role.  The 
observation that the tendency of amido ligands to bridge between metal centers as the 
nitrogen atom become more basic led Power to conclude that two-coordinate metal 
complexes could best be prepared by using poorly-basic amides.  Power had some 
success employing this strategy by using the -NMesBMes2 and -NPhBMes2 ligands.2 
 Before the work described in this chapter, only 20 open-shell two-coordinate 
transition metals complexes had been synthesized and structurally characterized, and only 
four of these exhibited linear geometries at the metal center (Table 2.1).8, 15, 16, 21  Reiff 
has recently shown that some linear two coordinate transition metal complexes exhibit 
unusual magnetic and spectroscopic properties.12  The linear iron(II) alkyl complex 
Fe[C(SiMe3)2]2 has D3d symmetry; in this high-spin d6 ion, three electrons occupy the 
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doubly degenerate dx2-y2,dxy pair of orbitals.  This degeneracy is usually lifted by Jahn-
Teller distortions in non-linear molecules and by Renner-Teller distortions in linear 
molecules.  Because this degeneracy is maintained, there is no quenching of the orbital 
angular momentum and the magnetic moment of 6.8 ± 0.2 µB corresponds to the 
gJ2(J(J+1))1/2 = 6.71 µB value characteristic of the free ion instead of the spin-only value 
(g2S(S+1))1/2 = 4.90 µB.  Spin-orbit coupling in the 5Δg ground state of Fe[C(SiMe3)2]2 
results in a slowly relaxing MJ = ± 4 ground Kramer’s doublet.  As a result, the zero field 
Mössbauer spectrum exhibits resolved hyperfine splitting.  The hyperfine splitting made 
it possible for Reiff to determine that the internal hyperfine field, Hint, for Fe[C(SiMe3)2]2 
is 152 T.  This value for Hint is larger than that in all other iron complexes known. 
 Herein we describe the magnetic and electronic properties of the linear Fe[N(t-
Bu)2]2 complex, as well as the synthesis and characterization of the analogous two 
coordinate tert-butyl amido complexes of manganese, cobalt, and nickel. 
 
Compound θ(R-M-R) Θ(torsion) M···C Reference 
Cr(NMesBMes2)2 112.3 18.7 2.383, 2.391 2, 10 
Cr(NPhBMes2)2 110.8 37.5 2.328, 2.406 10 
Mn[C(SiMe3)3]2 180 - - 8 
Mn[N(t-Bu)2]2 179.3 80.0 - This work 
Mn[N(SiMePh2)2]2 170.7 - 2.774 9 
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Mn(NMesBMes2)2 160.4 45.8 2.536 3 
Mn[2,4,6-(t-Bu)3C6H2]2 159.7 45.8 - 14 
Mn(SeC6H3-2,6-Mes2)2 119.9 - 2.696 18 
Fe[C(SiMe3)3]2 180  - 15, 16 
Fe[N(t-Bu)2]2 179.5 80.5 - 21 
Fe[N(SiMe2Ph)2]2 172.1 - 2.633 9 
Fe[N(SiMePh2)2]2 169.0 76.1 2.695 9 
Fe(NMesBMes2)2 166.6 - 2.521 10 
Fe[2,4,6-(t-Bu)3C6H2]2 157.9 46.4 2.73 13, 14 
Fe(SC6H3-2,6-Mes2)2 121.8 - 2.470 17 
Fe(SC6H3-2,6-Mes2)[N(SiMe3)2] 118.9 - 2.457 17 
Co[N(t-Bu)2]2 159.2 77.7 - This Work
Co(NMesBMes2)2 168.4 - 2.629, 2.734 10 
Co[N(SiMePh2)2]2 147.0 64.0 2.584 4, 9 
Co(NPhBMes2)2 127.1 73.0 2.388, 2.378 10 
Ni(2,6-Dipp2C6H3NH)2 180.0 - 2.680 22 
Ni(NMesBMes2)2 167.9 - 2.611, 2.703 2 
Ni[N(t-Bu)2]2 160.9 80.2 - This Work
Ni(NPhBMes2)2 135.7 87.4 2.370, 2.402 10 
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[Rh(η1,N3-1-Mt)2]- 178.2 98.8 2.93c 11 
 
 
Table 2.1  Summary of structurally characterized two-coordinate open shell transition    
       metal complexes. 
 
 
Results and Discussion 
 Synthesis, structure and characterization of Mn[N(t-Bu)2]2.  Treatment of 
MnBr2(THF)2 with LiN(t-Bu)2 in benzene affords a brown solution.  Removal of the 
solvent and sublimation affords pale yellow crystals of Mn[N(t-Bu)2]2 (1).  Due to the 
paramagnetic nature of 1, no 1H NMR resonance is observed.  The field ionization mass 
spectrum of 1 shows a parent peak with a m/z ratio of 311.3.  
The molecular structure of 1 was determined by X-ray crystallography at -75 ⁰C 
(Figure 2.1).  Crystal data are presented in Table 2.2, and selected bond lengths and 
angles are collected in Table 2.3.  Compound 1 is a linear two-coordinate monomer with 
Mn-N distances of 1.936(1) Å and a N-Mn-N angle of 179.33(5)⁰.  The NR2 planes 
describe a dihedral angle of 80.0(1)⁰, resulting in an idealized point symmetry of D2.   
 The only other crystallographically characterized two-coordinate amido 
compounds of manganese, Mn[N(SiMePh2)2]2 and Mn(NMesBMes2)2, have N-Mn-N 
angles that deviate significantly from 180⁰ (Table 2.1), and Mn···C interactions with 
remote substituents on the ligands are present.  The very similar compound 
Mn[N(SiMe3)2]2, is a dimer in the solid state,23 but a linear monomer in the gas phase.1  
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These structural features suggest that all of these ligands are less sterically demanding 
than the di(tert-butyl)amide ligands in 1.  
The Mn-N distances in Mn[N(SiMePh2)2]2, Mn(NMesBMes2)2 and gas phase 
Mn[N(SiMe3)2]2 are 1.989(3), 2.046(4), and 1.95(2) Å, respectively  The first two Mn-N 
distances are longer than those of 1.936(1) in 1; within experimental error, the latter 
distance is equal to that in 1. The Mn-N distances suggest that the di(tert-butyl)amido 
ligand is better able to π-donate into the dxy and dyz orbitals.  A combination of increased 
steric bulk and increased π-donor ability of the di(tert-butyl)amido ligand make bending 
in 1 to form remote Mn···C interactions unfavorable.   
The zero  field cooled DC susceptibility of 1 affords a room temperature magnetic 
moment of 5.53 μB which is in good agreement with the spin only value of 5.92 μB for S = 
5/2 systems (Figure 2.2).  Other two coordinate manganese amides have similar magnetic 
moments; for example, Mn(NMesBMes2)2 has a magnetic moment of 5.72 μB.9  For a d5 
ion in a linear two-coordinate geometry, the d-orbital configuration expected is (xy, x2-
y2)2(xz,yz)2(z2)1, and the 6A ground state is non-degenerate. 
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Figure 2.1.  (a) Molecular structure of Mn[N(t-Bu)2]2.  The 30% probability density           
           surfaces are shown; hydrogen atoms are omitted for clarity.  (b) View      
           down N-Mn-N axis showing dihedral angle between the two NC2 planes. 
 
 
 
25 
 
 
 
Figure 2.2.  Variable temperature effective magnetic moment of 1 from zero field cooled    
          DC SQUID magnetometry at 5.0 T.   
 
The X-band EPR spectrum of 1 was taken in a frozen toluene/pentane solution.  
The spectrum is consistent with those of other two coordinate manganese(II) compounds9 
and consists of multiple absorptions with a sharp low field peak (~100 mT) and five 
additional peaks with increasing broadness out to 1000 mT, which was the limit of the 
instrument (Figure 2.3).  A similar spectrum is also observed for Mn(NMesBMes2)2, 
which has signals at g = 7.04, 2.09, and 1.46.9  The second derivative spectrum clearly 
reveals the presence of 55Mn hyperfine splitting (Figure 2.4).  Analysis of the EPR 
spectrum was performed by using the Hamiltonian  
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H = βBgS + D[Sz2 – (1/3)S(S + 1) + λ(Sx2 – Sy2)]  
 
where β is the Bohr magneton, S is the spin (here, equal to 5/2), B is the magnetic field 
strength, g is the Landé g factor, D is a zero-field splitting parameter, and λ is a symmetry 
parameter that can vary from zero for axial symmetry to one-third for maximum possible 
rhombic symmetry.  Simulations of this system reveal that the ligand field is nearly axial 
with a D value of 0.289 cm-1.  The value for λ is 0.014, so that E (=λ) is 0.004 cm-1.  The 
broadening of the peaks at higher field is a result of a strain in D and E of 50 MHz each.  
This strain could be a result of disorder in the ligands or slight degradation of the sample 
over time.24  The values for g⊥ and g|| are 2.000 and 1.989 respectively.  Values of A⊥ and 
A|| were 105 and 110 MHz, respectively, with an error of ± 5 MHz.   
 
27 
 
 
Figure 2.3.  Experimental and simulated X-band EPR spectra of 1 in a frozen       
          toluene/pentane glass at 16 K. 
 
 
 Figure 2.4. Second derivative plot of EPR spectrum of 1 showing 55Mn hyperfine 
          splitting. 
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 1 3 4 
 
Formula  
 
 
Mn[N(t-Bu)2]2 Co[N(t-Bu)2]2 Ni[N(t-Bu)2]2 
Formula Weight  
 
311.41 315.40 315.18 
Temp. (K)  
 
193(2) 183(2) 193(2) 
λ (Å)  
 
0.71073 0.71073 0.71073 
Cryst. Syst.  
 
Orthorhombic Monoclinic Orthorhombic 
Space Group  
 
P212121 P21/n Fdd2 
a (Å)  
 
7.7764(7) 11.124(2) 30.678(8) 
b (Å)  
 
11.2274(9) 11.596(2) 31.227(9) 
c (Å)  
 
22.1520(18) 15.664(2) 7.994(2) 
β (°)  
 
90 107.964(3) 90 
V (Å
3
)  
 
19341(3) 1922.0(6) 7658(4) 
Z, ρ
calc 
(g cm
-3
)  
 
4, 1.069 4, 1.090 16, 1.093 
μ (mm
-1
)  
 
0.675 0.886 1.006 
F(000)  
 
684 692 2784 
Crystal Size (mm)  
 
0.120 × 0.240 ×0.280 0.36 × 0.20 × 0.04 0.60 × 0.16 × 0.14 
θ range (°)  
 
2.03 – 28.11 1.99 – 25.42 1.86 – 25.39 
Rflns: Total/Unique  
 
29290 / 4698 19123 / 3543 18972 / 3520 
R(int)  
 
0.0441 0.1028 0.1025 
Abs. Corr.  
 
Face-indexed Integration Face-indexed 
Max., Min. Transm. Factors.  
 
0.926, 0.837 0.982, 0.867 0.846, 0.595 
Data/Restraints/Params  
 
4700 / 0 / 185 3543 / 22 / 216 3520 / 1 / 188 
GOF on F
2 
 
0.886 0.732 0.840 
R
1 
[I>2σ(I)]  
 
0.0236 0.0484 0.0401 
wR
2 
(all data)  
 
0.0562 0.1172 0.0877 
Max., Min. Δρ
elect 
(e.A
-3
)  0.181, -0.159 0.388, -0.224 0.282, -0.321 
 
Table 2.2.  Crystallographic data for new two-coordinate transition metal complexes. 
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  Bond Distances (Å)   
Mn(1)-N(1)   1.9365(12) C(1)-C(2) 1.536(2) C(9)-C(10) 1.544(2) 
Mn(1)-N(2) 1.9366(11) C(1)-C(3) 1.549(2) C(9)-C(11) 1.543(2) 
N(1)-C(1) 1.476(2) C(1)-C(4) 1.539(2) C(9)-C(12) 1.543(2) 
N(1)-C(5) 1.485(2) C(5)-C(6) 1.534(2) C(13)-C(14) 1.545(3) 
N(2)-C(9) 1.470(2) C(5)-C(7) 1.544(2) C(13)-C(15) 1.533(2) 
N(2)-C(13) 1.477(2) C(5)-C(8) 1.535(2) C(13)-C(16) 1.553(2) 
  
Bond Angles (⁰) 
 
 
Mn(1)-N(1)-C(1) 118.44(9) 
 
N(1)-C(1)-C(2) 105.70(13) 
Mn(1)-N(1)-C(5) 117.97(10) 
 
N(1)-C(1)-C(3) 114.84(14) 
Mn(1)-N(2)-C(9) 118.42(9) 
 
N(1)-C(1)-C(4) 113.13(12) 
Mn(1)-N(2)-C(13) 118.08(11) 
 
C(1)-N(1)-C(5) 123.60(12) 
N(1)-Mn(1)-N(2) 179.30(5) C(9)-N(2)-C(13) 123.49(12) 
    
 
Table 2.3.  Selected bond lengths and angles for Mn[N(t-Bu)2]2. 
 
 
 Synthesis and characterization of Fe[N(t-Bu)2]2.  Potratz reported that Fe[N(t-
Bu)2]2 (2) can be synthesized by treating FeCl3 with lithium di(tert-butyl)amide and 
crystallizing from pentane.21  Attempts to repeat this procedure were successful, although 
obtaining high yields is a challenge owing to the high solubility of Fe[N(t-Bu)2]2 in 
pentane, making crystallization difficult.  Potratz also reported that attempts to prepare 
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the amide from FeCl2 and FeBr2 resulted in the formation of iron metal instead of the 
desired two-coordinate complex. In contrast, we find that treating FeI2 with LiN(t-Bu)2 
followed by sublimation affords Fe[N(t-Bu)2]2 in good yield.  The field ionization mass 
spectrum of 1 shows a parent peak with a m/z ratio of 312.3.  Fe[N(t-Bu)2]2 is a linear 
two-coordinate monomer with Fe-N distances of 1.880(2) Å.21  The N-Fe-N angle is 
179.45(8)⁰ and the NR2 planes describe a dihedral angle of 80.5(1)⁰.  The idealized point 
group of Fe[N(t-Bu)2]2 is D2. 
The zero field cooled, near zero field AC susceptibility data show that the room 
temperature effective magnetic moment of 2 is 5.55 μB, which is significantly larger than 
the spin only value of 4.90 μB for a high spin FeII (S = 2) species.  The zero field cooled 
DC susceptibility affords a larger magnetic moment than the AC results, indicating that 
there is significant but probably not complete field induced alignment along gmax (Figure 
2.5).  When the DC susceptibility of 2 is acquired in frozen solutions of eicosane to 
prevent field induced alignment, the room temperature magnetic moment is 5.20 μB 
which is consistent with the value obtained from the AC susceptibility measurements 
(Figure 2.6).  The larger than expected magnetic moments obtained from both of these 
measurements clearly confirm the presence of significant unquenched (first order) orbital 
magnetism.25  The effective magnetic moment of 2 decreases at temperatures below 40 K 
owing to depopulation of spin-orbit states.26  The shape of the susceptibility curve is 
consistent with a Stevens orbital reduction factor k that is close to 1, as expected for a 
high-spin ferrous ion with this ligand set.26, 27  Magnetization measurements show that 2 
is not saturated even for H0 as large as 5 T at 1.8 K (Figure 2.6).  
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Figure 2.5.  Variable temperature effective magnetic moment of 2 from zero field cooled    
          AC (top) and zero field cooled DC SQUID magnetometry (bottom).   
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Figure 2.6.  DC magnetometry of a frozen eicosane solution of 2 (top), and isothermal 
magnetization of a powdered sample of 2 at 1.8 K (bottom).  The step 
increases in the bottom curve are probably due to field-induced alignment 
of microcrystals in the sample. 
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The Mossbauer spectrum of 2 in zero field is broad owing to paramagnetic 
relaxation28 of the iron center (Figure 2.7), and there is no evidence of resolved nuclear 
Zeeman splitting even at 1.3 K.  Most likely, the intermolecular Fe···Fe distances, ~7.4 Å 
for 2, are short enough to lead to spin-spin relaxation effects even at low temperatures.29  
Imposing an applied magnetic field is known to lower paramagnetic relaxation rates.29  
We find that applying a field H0 of only 0.075 T slows relaxation sufficiently to reveal 
the outer components of a hyperfine sextet. Remarkably, this splitting corresponds to an 
extremely large internal hyperfine field, Hint, of ~ 105 T (Figure 2.8). At a larger applied 
field of 9 T, all six components of the hyperfine sextet are clearly seen, and the effective 
hyperfine field increases to ~113 T, confirming that Hint > 0. The orbital contribution can 
be calculated using the equation  Heff = H0 + HINT = H0 + Hd + HF + HL where Hd is the 
dipolar contribution, HF is the Fermi contact contribution and HL is the orbital 
contribution.  If one neglects the dipolar contribution (Hd) to HINT, this value corresponds 
to a dominant (positive) orbital contribution (HL) of +155 T.  
Among all known iron compounds, the remarkably large internal hyperfine field 
in 2 is exceeded only by that in the linear iron alkyl Fe[C(SiMe3)3]2.12  It is ~20 T larger 
than those recently found for certain three coordinate high-spin iron(II) systems.30  It is 
also evident from the intensities of the ΔMI = 0 transitions (2,5) that the internal 
hyperfine field of 2 is not fully polarized parallel to the direction of H0 and the gamma 
ray, even for H0 as large as 9 T.  If the internal hyperfine field of 2 was fully polarized 
parallel to the direction of the radiation the intensity of the ΔMI = 0 transitions would be 
zero.  This result suggests that there are substantial non-zero components of Hint 
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perpendicular to the local C∞ axis; i.e., 2 is not a uniaxial magnet and in this respect is 
magnetically quite unlike Fe[C(SiMe3)3]2, which has higher (D3d) point symmetry. 
 
 
Figure 2.7.  Variable temperature Mössbauer spectrum of 2 in zero field showing the    
          disappearance of the negative velocity peak at lower temperatures owing     
          to the onset of slow paramagnetic relaxation. 
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Figure 2.8.  Longitudinal applied field Mössbauer spectra of 2 at 4.2 K with the applied   
         field, H0, varying from 0.0 T to 9.0 T.  
 
The linearity of the N-Fe-N angle, large effective magnetic moment, and very 
large internal hyperfine field all suggest that 2 has a near-degenerate or perhaps 
accidentally degenerate ground state.  The ~45 T difference in Hint between 2 and 
Fe[C(SiMe3)3]2 is most likely due to a smaller orbital contribution (HL) to the internal 
hyperfine field consistent with significant spin-orbit state mixing in the lower symmetry 
of 2.  In the idealized D∞h point group, a linear molecule with a high-spin d6 electronic 
configuration is expected to have an d-orbital electron configuration of (xy, x2-y2)3(xz, 
yz)2(z2)1 and a degenerate ground state of E symmetry.  This degeneracy is preserved in 
the D3d point group of Fe[C(SiMe3)3]2.  In the D2d point group, however, the xy and x2-y2 
orbitals need not be degenerate, although in 2 these two orbitals are metal-ligand non-
bonding and should have very similar energies.  The non-orthogonal (~81°) dihedral 
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angle between the ligand planes, which lowers the molecular symmetry from D2d to D2, 
further breaks the degeneracy, albeit weakly so.   
The lower electronic symmetry of 2 relative to that of Fe[C(SiMe3)3]2 is also 
suggested by its X-band EPR spectrum, which is relatively easy to observe, particularly 
in the parallel detection mode (Figure 2.9).  The solid EPR spectrum is broad (Figure 
2.10) but frozen toluene/pentane solutions are extremely sharp in both parallel and 
perpendicular mode (Figure 2.9).  The EPR spectrum acquired in the parallel mode can 
be analyzed in terms of the equation (hυ)2 = 4gzβH)2 + Δ2 where h is Planck’s constant, υ 
is frequency, β is electron Bohr magneton, H is the applied field, and Δ is the ground state 
splitting.  A best fit determined that gz is in the range of 2.0 – 2.6 and that Δ is in the 
range of 0 – 0.19 cm-1.30  In the perpendicular EPR experiments, the cavity resonates at a 
slightly higher frequency, which allows gz and Δ to be refined further: gz is in the range 
of 2.4 – 2.6 and Δ is in the range of 0 - 0.12 cm-1. The resonance at gz = 2.4 – 2.6 (geff = 
9.6 – 10.4) is typical of an integral spin, non-Kramers, ferrous species with a quasi 
degenerate spin-orbit doublet ground state (ground state splitting Δ~ 10-1 to 10-3 cm-1).30, 
31  In contrast, for Fe[C(SiMe3)3]2, the rigorously degenerate ground state and the absence 
of significant spin-orbit level mixing leads to its being EPR silent out to H0 = 26 T for 
frequencies ranging to 700 GHz, i.e. the resonant transition is highly forbidden for a 
“pure” MJ = ±4 spin orbit ground state.32   
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Figure 2.9.  Experimental and simulated X-band EPR spectra of 2 in a frozen       
         toluene/pentane glass at 4.5 K.  Parallel mode (top) and perpendicular     
         (bottom).   
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Figure 2.10.  X-band EPR spectrum of powdered 2 at 4.2 K. 
 Synthesis, structure and characterization of Co[N(t-Bu)2]2.  Treating 
CoBr2(DME) or CoBr2(THF)2 with lithium di(tert-butyl)amide in benzene affords a dark 
red solution.  Removing the solvent and subliming the resulting oil under dynamic 
vacuum affords the very dark red, nearly black solid Co[N(t-Bu)2]2 (3).  The 1H NMR 
spectrum of 3 shows a broad singlet at δ -1.26.  The field ionization mass spectrum of 1 
shows a parent peak with a m/z ratio of 315.3. 
 The molecular structure of 3 was determined by X-ray crystallography at -75 ⁰C 
(Figure 2.11).  Crystal data are presented in Table 2.2 and selected bond distances and 
angles for 3 can be found in Table 2.4.  Compound 3 crystallizes in the P21/n space 
group.  The cobalt atom is disordered over two sites, with an average angle N-Co-N angle 
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of 158.5⁰.  The NR2 planes describe a dihedral angle of 77.7(7)⁰.  The average Co-N 
distance of 1.85 Å is the shortest Co-N bond distance of any structurally characterized 
two-coordinate cobalt amide by 0.05 Å.   
 
Figure 2.11.  Molecular structure of Co[N(t-Bu)2]2.  The 30% probability density      
           surfaces are shown; hydrogen atoms are omitted for clarity.   
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  Bond Distances (Å)   
Co(1)-N(1)   1.845(3) C(11)-C(12) 1.506(5) C(21)-C(22) 1.528(4) 
Co(1)-N(2) 1.850(3) C(11)-C(13) 1.508(5) C(21)-C(23) 1.527(5) 
N(1)-C(11) 1.476(4) C(11)-C(14) 1.529(6) C(21)-C(24) 1.527(5) 
N(1)-C(15) 1.474(4) C(15)-C(16) 1.499(5) C(25)-C(26) 1.496(6) 
N(2)-C(21) 1.438(7) C(15)-C(17) 1.515(5) C(25)-C(27) 1.495(5) 
N(2)-C(25) 1.482(4) C(15)-C(18) 1.521(5) C(25)-C(28) 1.518(6) 
  
Bond Angles (⁰) 
 
 
Co(1)-N(1)-C(11) 123.6(2) 
 
Co(1A)-N(2)-C(21) 117.4(4) 
Co(1)-N(1)-C(15) 113.6(2) 
 
Co(1A)-N(2)-C(25) 124.6(3) 
Co(1)-N(2)-C(21) 129.8(3) N(1)-Co(1)-N(2) 
 
159.2(2) 
Co(1)-N(2)-C(25) 
 
112.8(2) N(1)-Co(1A)-N(2) 157.8(5) 
Co(1A)-N(1)-C(11) 
 
109.9(3) C(1)-N(1)-C(5) 122.7(3) 
Co(1A)-N(1)-C(15) 125.6(3) C(21)-N(2)-C(25) 116.8(4) 
 
Table 2.4.  Selected bond lengths and angles for Co[N(t-Bu)2]2. 
 
 The zero  field cooled DC susceptibility of 3 affords a room temperature magnetic 
moment of 5.24 μB that is consistent with those measured for other cobalt(II) compounds 
(Figure 2.12).33   Interestingly, the magnetic moment of 3 is higher than the magnetic 
moments of the other known two-coordinate Co(II) amido complexes:9, 10  
Co[N(SiMePh2)2]2 has the next highest moment (4.42 μB),10  followed by 
Co(NMesBMes2) (4.36 μB),9 and Co(NPhBMes2)2 (4.11 μB).10  All of the two-coordinate 
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cobalt compounds have magnetic moments higher than the spin-only value of 3.87 μB, 
presumably as a result of mixing with an excited state.     
 
Figure 2.12.  Variable temperature effective magnetic moment of 3 from zero field    
           cooled DC SQUID magnetometry at 0.1 T.   
  
Surprisingly 3 appears to be EPR silent down to 4 K.  The complex 
Co[N(SiMePh2)2]2 is reported to have EPR signals at g = 4.27 and 2.119 whereas 
Co(NPhBMes2)2 is reported to have EPR signals at g = 7.75 and 2.11.10  The 
Co(NMesBMes2)2 is reported to have EPR signals at g = 2.10, 1.89, 1.84, and 1.74.10  
The absence of an EPR spectrum is difficult to explain.  It is unlikely that the complex 
dimerizes in solution.  One possibility is that fast spin relaxation causes the line to be 
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broad, possibly because the electronic state is degenerate.  Another is that the EPR 
transitions either have g values near zero or have intensities near zero.       
Synthesis, structure and characterization of Ni[N(t-Bu)2]2.  Blue crystals of 
Ni[N(t-Bu)2]2 (4) can be obtained by treating NiBr2(DME) with LiN(t-Bu)2 in benzene, 
removing the solvent, and subliming the residue.  The 1H NMR spectrum of 4 consists of 
a broad singlet at δ 36.5.  The field ionization mass spectrum of 1 shows a parent peak 
with a m/z ratio of 314.3. 
 Compound 4 crystallizes in the space group Fdd2 as determined by X-ray 
crystallography at -75 ⁰C.  Crystal data are presented in Table 2.2 and selected bond 
distances and angles for 4 can be found in Table 2.5.  Like the Co compound 3, 
compound 4 is bent (Figure 2.13).  The Ni atom is disordered over two sites with the N-
Ni-N angle being 161.1⁰ on average.  The Ni-N distance is 1.81 Å on average.  This Ni-N 
distance is consistent with that of 1.818(3) Å found in Ni(2,6-Dipp2C6H3NH)222 but 
shorter than that those of 1.867(2) and 1.885(4) Å found in Ni(NMesBMes2)2 or 
Ni(NPhBMes2)2, respectively.2, 10  The complex Ni[N(SiMe3)2]2 has been reported, but 
not structurally characterized.7  If Ni[N(SiMe3)2]2 is monomeric, the N-Ni-N angle 
should be smaller than that seen in 4 owing to the smaller size of the N(SiMe3)2 group vs. 
N(t-Bu)2. 
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Figure 2.13.  Molecular structure of Ni[N(t-Bu)2]2.  The 30% probability density surfaces 
           are shown; hydrogen atoms are omitted for clarity.   
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  Bond Distances (Å)   
Ni(1A)-N(1)   1.824(3) C(1)-C(2) 1.540(5) C(9)-C(10) 1.541(6) 
Ni(1A)-N(2) 1.798(3) C(1)-C(3) 1.529(6) C(9)-C(11) 1.555(5) 
N(1)-C(1) 1.477(4) C(1)-C(4) 1.519(5) C(9)-C(12) 1.532(5) 
N(1)-C(5) 1.482(4) C(5)-C(6) 1.541(5) C(13)-C(14) 1.533(5) 
N(2)-C(9) 1.492(4) C(5)-C(7) 1.542(5) C(13)-C(15) 1.543(5) 
N(2)-C(13) 1.481(4) C(5)-C(8) 1.541(5) C(13)-C(16) 1.541(5) 
  
Bond Angles (⁰) 
 
 
Ni(1A)-N(1)-C(1) 124.0(2) 
 
Ni(1B)-N(2)-C(9) 123.4(3) 
Ni(1A)-N(1)-C(5) 113.4(2) 
 
Ni(1B)-N(2)-C(13) 112.8(3) 
Ni(1A)-N(2)-C(9) 113.4(2) 
 
N(1)-Ni(1A)-N(2) 
 
160.9(2) 
Ni(1A)-N(2)-C(13) 124.5(2) 
 
N(1)-Ni(1B)-N(2) 161.3(3) 
Ni(1B)-N(1)-C(1) 110.3(2) C(1)-N(1)-C(5) 122.6(2) 
Ni(1B)-N(1)-C(5) 125.7(3) C(9)-N(2)-C(13) 122.1(3) 
 
Table 2.5.  Selected bond lengths and angles for Ni[N(t-Bu)2]2. 
 
The zero field cooled DC susceptibility shows that 4 has a room temperature 
magnetic moment of 2.88 μB, which is in good agreement with the spin-only value of 2.83 
μB (Figure 2.14).  The moment of 4 is in good agreement with those of 3.91 and 2.9 μB, 
respectively, for the two-coordinate nickel(II) complexes Ni(NPhBMes2)2 and 
Ni(NMesBMes2)2.10, 22  Similarly, the magnetic moment of Ni(2,6-Dipp2C6H3NH)2 is 
reported to be 2.79 μB.22  For a d8 ion in a linear two-coordinate geometry, the d-orbital 
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configuration expected is (xy, x2-y2)4(xz,yz)3(z2)1.  The deviation from linearity for 4 
breaks the degeneracy of the xz and yz orbitals, therefore quenching the orbital angular 
momentum contribution to the magnetic moment.   
 
Figure 2.14.  Variable temperature effective magnetic moment of 4 from zero field   
            cooled DC SQUID magnetometry at 0.05 T.   
 
Compound 4 is EPR silent down to 4 K.  Both Ni(NMesBMes2)2 and 
NiN(NPhBMes2)2 are reported to have signals at g = 2.1.10 
 Comparison of the structures of Mn[N(t-Bu)2]2, Fe[N(t-Bu)2]2, Co[N(t-Bu)2]2, 
and Ni[N(t-Bu)2]2.  The Mn and Fe complexes 1 and 2 are linear whereas the Co and Ni 
complexes 3 and 4 are bent (Table 2.6).  The metal atoms become smaller, as a result of 
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higher effective nuclear charge Zeff, as one moves right across the periodic table, resulting 
in shorter M-N bonds.  Interligand steric repulsions should increase as the M-N bonds 
become shorter, thus disfavoring bending of the N-M-N angle.  The non-linearity of 
complexes 3 and 4 must mean that steric effects cannot be responsible for the structures 
seen.   
Compounds Average M-N 
Distances (Å) 
Average N-M-N 
Angles (°) 
Average C-N-C 
Angles (°) 
Mn[N(t-Bu)2]2 1.94 179.3 123.5 
Fe[N(t-Bu)2]2 1.88 179.5 124.0 
Co[N(t-Bu)2]2 1.85 158.5 119.8 
Ni[N(t-Bu)2]2 1.81 161.1 122.4 
 
Table 2.6.  Selected bond distances and angles for M[N(t-Bu)2]2 compounds. 
 
For linear M[N(t-Bu)2]2 molecules with idealized D2d symmetry, the xy and x2-y2 
should be nearly degenerate and lowest in energy; the xz and yz should be the next 
highest in energy and strictly degenerate; the z2 orbital should be highest in energy.  This 
ordering assumes that the ligands are purely sigma bonding, and ignores any mixing of 
the d-orbitals with higher-lying s- and p-orbitals on the metal center.  For the Mn 
complex 1, each orbital will be singly occupied and there will be no electronic driving 
force to bend the N-M-N angle, and in fact there will be a steric penalty arising from 
increased repulsions from bringing the di(tert-butyl)amido groups closer together.  The 
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Fe compound 2 has four orbitals singly occupied and one doubly occupied.  The doubly 
occupied xy orbital is nearly degenerate with the singly occupied x2-y2 oribtal and the 
molecule might be expected to bend in a Renner-Teller fashion to lower the energy of the 
xy orbital. The xy and x2-y2 orbitals, however, do not interact with the orbitals on the 
amido ligands and are nonbonding and, as a result, no stabilization occurs upon bending.  
For the Ni complex 4, there should be two electrons in the xz orbital and one in the yz 
orbital.  The xy and yz orbitals are antibonding in nature, and bending in Renner-Teller 
fashion should be favorable.  As long as the stabilization from the splitting of the xz and 
yz orbitals is greater than then the destabilization incurred from bringing the amido 
ligands closer together, the molecule will bend.  The ~161⁰  N-Ni-N  angle of 4 likely 
represents the point where the energy of the molecule is lowest after balancing these two 
competing effects.   
Compound 3 appears to break the expected trend.  At first glance, both steric and 
electronic effects favor a linear geometry:  the expected d-electron configuration is (xy, 
x2-y2)4(xz,yz)2(z2)1, and this ground state is non-degenerate and there should be no 
driving force to distort.  There are two possible explanations for why the cobalt 
compound is bent:  the compound is not two-coordinate but actually a three coordinate 
CoIII hydride, or the d-orbital splitting is not as expected.  It is unlikely the complex is 
actually a CoIII hydride:  there is no evidence in the IR spectrum for a hydride stretch and 
furthermore the IR spectrum of 3 is remarkably similar to those of compounds 1 and 2 
which are known not to be hydrides (Figure 2.15).  Additionally the mass spectrum of 3 
is in agreement with a hydride free stoichiometry.  This only leaves the second possibility 
that compound 3 is in fact two-coordinate and is bent as a result of unexpected d-orbital 
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splitting, perhaps as a result of orbital mixing.  Calculations are currently being 
conducted to explore this possibility. 
 
 
 
Figure 2.15.  Comparison of IR spectra for Mn[N(t-Bu)2]2 and Co[N(t-Bu)2]2.  
 
The trends seen for the complexes found in this chapter can be extended to 
compounds not yet synthesized.  For the analogous copper(II) compound Cu[N(t-Bu)2]2 
the (xy, x2-y2)4(xz,yz)4(z2)1 electronic structure is non-degenerate, and the lack of a 
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driving force to bend should lead to a linear structure.  So far, we have been unable to 
prepare two-coordinate complexes of Ti, V, and Cr, probably due to the larger sizes of 
these metal centers.  If eventually they are isolated, the Ti and Cr compounds should have 
non-degenerate (xy, x2-y2)2(xz,yz)0(z2)0 and (xy, x2-y2)2(xz,yz)2(z2)0 electronic structures, 
respectively, and should be linear.  In contrast, the corresponding monomeric 
vanadium(II) complex would have a degenerate (xy, x2-y2)2(xz,yz)1(z2)0 configuration 
and is expected to be bent.  Furthermore, the larger size of the vanadium and the long V-
N bonds should reduce the interligand repulsions between the amido groups upon 
bending.  Lower amido group repulsions may result in a N-V-N angle that is smaller than 
those found in the Co or the Ni complexes.   
Experimental 
All operations were carried out in a vacuum or under argon with standard Schlenk 
techniques.  Solvents were distilled under nitrogen from sodium benzophenone.  The 
compounds FeI2 and MnBr2(THF)2 were prepared as reported.34, 35  The reagents HN(t-
Bu)2 and LiN(t-Bu)2 were prepared by a modification of a literature route.36  
 Elemental analyses were performed by the University of Illinois Microanalytical 
Laboratory.  The IR spectra were obtained on a Nicolet Impact 410 spectrometer as Nujol 
mulls between KBr plates.  The 1H NMR data were recorded on a Varian Unity-500 
spectrometer at 11.75 T.  Chemical shifts are reported in δ units (positive shifts to higher 
frequency) relative to TMS.  X-ray crystallographic data were collected at the University 
of Illinois Materials Chemistry Laboratory.  The Mössbauer samples were prepared by 
grinding up the sample and placing it in a Teflon cup with lid.  The entire sample 
50 
 
container was then coated with epoxy to prevent air from reaching the sample during 
acquisition.  The Mössbauer spectra were collected by William Reiff at Northeastern 
University and Charles Schulz at Knox College.  EPR spectra were recorded of the 
powders and in 60/40 toluene/pentane solutions as frozen glasses on a Varian E-122 X 
band spectrometer in the Illinois EPR Research Center at the University of Illinois. The 
magnetic fields were calibrated with a Varian NMR Gaussmeter.  Simulations of the EPR 
spectra were performed by Mark Nilges on the SIMPIPM program, which is a modified 
version of QPOW.37  Magnetic measurements were acquired using a low-field (1 T) 
Quantum Design MPMS SQUID magnetometer and a high-field (7 T) Quantum Design 
MPMS SQUID magnetometer. 
Bis[di(tert-butyl)amido]iron(II).  Iron(II) iodide (1.83 g, 5.91 mmol) and LiN(t-
Bu)2 (1.60 g, 11.8 mmol) were weighed into a 100 mL Schlenk tube.  Benzene (40 mL) 
was added via syringe.  The reaction mixture was allowed to stir at room temperature for 
6 h, and then was filtered.  The volatile material was removed under vacuum, the flask 
being kept at room temperature by immersion in a water bath.  The dark orange Fe[N(t-
Bu)2]2 was collected by sublimation at 0.2 Torr and 50 ⁰C.  Yield 0.50 g (27 %).  Anal. 
Calc. for C16H36N2Fe:  C, 61.5; H, 11.6; N, 8.97.  Found:  C, 61.3; H, 11.7; N, 8.92.  MS 
(FI): m/z 312.3.  1H NMR (C6D6, 25 °C):  δ 113(s, fwhm = 4372 Hz,).  IR (cm-1):  1354 
(s), 1246 (m), 1199 (s), 1038 (m), 1033 (m), 997 (m), 919 (s), 889 (w),  797 (w), 764 (w), 
530 (m), 436 (m).  
Bis[di(tert-butyl)amido]manganese(II).  MnBr2(THF)2 (1.31 g, 3.67 mmol) and 
LiN(t-Bu)2 (0.99g, 7.32 mmol) were weighed into a 100 mL Schlenk tube.  Benzene (40 
mL) was added via syringe.  The reaction mixture was allowed to stir at room 
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temperature for 2 h, and then was filtered.  The volatile material was removed under 
vacuum, the flask being kept at room temperature by immersion in a water bath.  The 
pale yellow Mn[N(t-Bu)2]2 was collected by sublimation at 0.2 Torr and 50 ⁰C.  Yield 
0.40 g (35 %).  Anal. Calc. for C16H36N2Mn:  C, 61.7; H, 11.7; N, 9.00.  Found:  C, 61.1; 
H, 11.9; N, 9.03.  MS (FI):  m/z 311.3.  NMR:  No signal observed.  IR (cm-1): 1353 (s), 
1244 (m), 1203 (s), 1032 (m), 998 (m), 903 (s), 790 (w), 526 (m). 
Bis[di(tert-butyl)amido]cobalt(II).  CoBr2(DME) (0.93g, 3.01 mmol) and LiN(t-
Bu)2 (0.81g, 5.99 mmol) were weighed into a 100 mL Schlenk tube.  Benzene (40 mL) 
was added via syringe.  The reaction mixture was allowed to stir at room temperature for 
1 h, and then was filtered.  The volatile material was removed under vacuum, the flask 
being kept at room temperature by immersion in a water bath.  The flask was left under 
dynamic vacuum for 24 h to remove HN(t-Bu)2.  The red Co[N(t-Bu)2]2 was collected by 
sublimation in dynamic vacuum at 0.2 Torr and 50 ⁰C.  Yield 0.19 g (20.0 %).  Anal. 
Calc. for C16H36N2Co:  C, 60.9; H, 11.5; N, 8.88.  Found:  C, 59.2; H, 11.6; N, 8.71. MS 
(FI):  m/z 315.3.  1H NMR (C6D6, 25 °C):  δ -1.26 (s, fwhm = 142 Hz,).  IR (cm-1):  1356 
(s), 1246 (m), 1188 (s), 1037(m), 994 (m), 905 (m), 794 (m), 530 (m). 
Bis[di(tert-butyl)amido]nickel(II).  NiBr2DME (0.81 g, 5.99 mmol) and LiN(t-
Bu)2 (0.93 g, 3.01 mmol) were weighed into a 100 mL Schlenk tube.  Benzene (40 mL) 
was added via syringe.  The reaction mixture was allowed to stir at room temperature for 
15 minutes, and then was filtered.  The volatile material was removed under vacuum, the 
flask being kept at room temperature by immersion in a water bath.  The flask was then 
left under dynamic vacuum for 24 h to remove HN(t-Bu)2.   The deep blue Ni[N(t-Bu)2]2 
was then collected by sublimation at 0.2 torr and 50 ⁰C.  Yield 0.18 g (19 %).  Anal. 
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Calc. for C16H36N2Ni:  C, 61.0; H, 11.5; N, 8.90.  Found:  C, 57.5; H,11.8; N, 8.53.  MS 
(FI): m/z 314.3.  1H NMR (C6D6, 25 °C):  δ 36.5 (s, fwhm = 41 Hz,).  IR (cm-1):  1356 (s), 
1215 (m), 1178 (s), 984 (w), 985 (w), 914 (m), 796 (w), 719 (w), 538 (w). 
Crystallographic Studies.38  Single crystals of Mn[N(t-Bu)2]2 (1), grown by 
sublimation under reduced pressure were mounted on glass fibers with Krytox oil 
(Dupont) and immediately cooled to -75 °C in a cold nitrogen gas stream on the 
diffractometer.  Crystals of Co[N(tBu)2]2 (3) and Ni[N(t-Bu)2]2 (4) were obtained and 
treated similarly.  Standard peak search and indexing procedures gave rough cell 
dimensions, and least squares refinement using 8894 reflections for 1, 942 reflections for 
3, 891 reflections for 4 yielded the cell dimensions given in Table 2.2. Data were 
collected with an area detector by using the measurement parameters listed in Table 2.2.  
The measured intensities were reduced to structure factor amplitudes and their esd's by 
correction for background, scan speed, Lorentz and polarization effects.  No corrections 
for crystal decay were necessary. Systematically absent reflections were deleted and 
symmetry equivalent reflections were averaged to yield the set of unique data.  The 
analytical approximations to the scattering factors were used, and all structure factors 
were corrected for both real and imaginary components of anomalous dispersion.  In the 
final cycle of least squares, independent anisotropic displacement factors were refined for 
the non-hydrogen atoms and the hydrogen atoms were fixed in "idealized" positions with 
C-H = 0.98 Å.  Methyl groups (except those involved in disorder) were allowed to rotate 
about the C-C axis to find the best least-squares hydrogen atom positions.  Isotropic 
displacement parameters for the hydrogen atoms were set to 1.5 times Ueq for the 
attached carbon.  Successful convergence was indicated by the maximum shift/error of 
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0.001 for the last cycle.  Final refinement parameters are given in Table 2.2.  A final 
analysis of variance between observed and calculated structure factors showed no 
apparent errors.   
1:  Systematic absences for h00  (h ≠ 2n), 0k0 (k ≠ 2n), and 00l (l ≠ 2n) were only 
consistent with space group P212121.  A face-indexed absorption correction was applied, 
the maximum and minimum transmission factors being 0.926 and 0.837.  The 002 and 
101 reflections were statistical outliers and were deleted.  The remaining 4698 data were 
used in the least squares refinement.  The structure was solved using direct methods 
(SHELXTL).  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, 
where w = {[σ(Fo2)]2 + (0.0303P)2}-1 and P = (Fo2 + 2Fc2)/3.  The data crystal was a 
racemic twin;  therefore, the intensities were calculated from the equation I = xIa + (1-
x)Ib, where x is a scale factor that relates the volumes of the inversion-related twin 
components.  The scale factor refined to a value of 0.67(1).  The largest peak in the final 
Fourier difference map (0.20 eÅ-3) was located 0.94 Å from N2.   
3:  The systematic absences for h0l (h + l ≠ 2n) and 0k0 (k ≠ 2n) were only 
consistent with space group P21/n.  A face-indexed absorption correction was applied, the 
minimum and maximum transmission factors being 0.867 and 0.982.  All 3543 unique 
data were used in the least squares refinement.  The structure was solved using Patterson 
methods (SHELXTL).  Subsequent least-squares refinement and difference Fourier 
calculations revealed the positions of the remaining non-hydrogen atoms.  The cobalt 
atom was disordered over two sites.  The two disordered atoms, whose displacement 
parameters were constrained to be identical, were assigned site occupancy factors that 
summed to one;  the s.o.f. for the major site refined to 0.810(5).  All four carbon atoms of 
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one tert-butyl group were also disordered over two positions, which were also assigned 
group site occupancy factors that summed to one; the major s.o.f. refined to 0.621(8).  
The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = 
{[σ(Fo2)]2 + (0.060P)2}-1 and P = (Fo2 + 2Fc2)/3.  The chemically equivalent N-C and 
C···C distances within the disordered tert-butyl group were constrained to be equal within 
an esd of 0.02 Ǻ, and the C-C distances were set equal to 1.52 ± 0.005 Ǻ.  The largest 
peak in the final Fourier difference map (0.39 eÅ-3) was located 0.89 Å from H12C.   
4:  Systematic absences for hkl (h + k or k + l or l + h ≠ 2n), 0kl (k + l ≠ 4n)  and 
h0l (l + h  ≠ 4n) were only consistent with space group  Fdd2.  An absorption correction 
was applied, the maximum and minimum transmission factors being 0.846 and 0.595.  
All 3520 data were used in the least squares refinement.  The structure was solved using 
direct methods (SHELXTL).  The Ni atom was disordered over two sites.  The two sites 
were constrained to have identical displacement parameters.  The site occupancy factors 
for the two sites were constrained to sum to one; the s.o.f. for the major site refined to 
0.712(5)  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, 
where w = {[σ(Fo2)]2 + (0.0460P)2 }-1 and P = (Fo2 + 2Fc2)/3.  The largest peak in the 
final Fourier difference map (0.28 eÅ-3) was located 1.20 Å from H4A and 1.47 Å from 
C4.   
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Chapter 3:  Synthesis and Characterization of Ti2Cl6[N(t-Bu)2]2 and   
Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2 and the Nature of the Close 
Contact Present in Ti2Cl6[N(t-Bu)2]2. 
 
 
Introduction 
 The term “agostic bonding” was originally coined by Malcolm Green in 1983 and 
was intended to only apply to C-H-M 3-center-2-electron bonds.1  The term has since 
been extended and is now often used to refer to B-H-M, Si-H-M, C-Si-M, C-C-M, and 
other 3-center-2-electron bonds.  Here, the attempt will be made to stay as true as 
possible to original strict definition of “agostic bonding”.  Since the publication of 
Green’s 1983 paper several review articles on the subject of agostic bonding have 
appeared.2-6  Agostic interactions are generally classified according to which C-H bonds 
are interacting with the metal center, resulting in three general types of agostic 
interactions (Figure 3.1) α-agostic bonds, β-agostic bonds, and remote agostic bonds.  Of 
these three, β-agostic bonds are the most common whereas remote agostic bonds are the 
least common. 
 
Figure 3.1.  Example of a α-agostic bond (A), β-agostic bond (B) and a γ-agostic bond       
         which is a type of remote agostic bond (C). 
  
 Although agostic interactions have been the subject of over 1500 papers, they still 
remain incompletely understood.  Recent calculations, for example, have shown that α-
agostic interactions may not be 3-center-2-electron bonds like β-agostic and γ-agostic 
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interactions.  The distortions seen in these complexes may actually be a result of 
maximizing the C-M orbital overlap.4, 7-9  If this interpretation holds up to scrutiny, it 
would mean that α-agostic interactions are not agostic at all.  Similar care must be taken 
when considering compounds that seem to possess an γ-agostic bond between a γ-carbon 
and the metal center. 
 It is not unusual to observe a close contact between a γ-carbon and a metal center 
with ligands such as -CH(SiMe3)2 and -N(SiMe3)2.  Perhaps the best studied of these 
compounds is the La(η5-C5Me5)[CH(SiMe3)2]2 complex first synthesized by Schaverien 
and van der Heijden10, 11  Single crystal X-ray studies indicated that there is a close 
contact of only 2.99 Å between the La center and one of the γ-carbon atoms.  Solid state 
1H, and 13C NMR spectroscopy was unable to determine whether this interaction was an 
γ-agostic bond or was the result of donation of Si-C bond electron density to the 
lanthanum center in a sigma fashion.12  Later neutron diffraction studies showed that no 
γ-C-H bond lengthening is evident for either La(η5-C5Me5)[CH(SiMe3)2]2 or for Y((η5-
C5Me5)(OC6H3tBu2)CH(SiMe3)2, which also contains a close contact with a γ-carbon 
atom.13  The neutron diffraction data also show that the hydrogen atoms bound to the γ-
carbon are staggered with respect to the metal center and oriented in a fashion to 
minimize their distances to the metal center.  The data strongly suggest that the 
interaction is not an agostic one, but one in which the Si-C bond acts as a sigma donor to 
the metal center.13  The compounds Ln[CH(SiMe3)2]3 and Sm[CH(SiMe3)2]3 synthesized 
by Power14 and U[CH(SiMe3)2]3 synthesized by Sattelberger15 also show evidence of a 
close contact between the metal center and a γ-carbon.  DFT calculations on these 
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compounds give support to the interpretation that the Si-C bond is a sigma donor toward 
the metal center, and that no γ-agostic bond is present.16, 17 
 Similar γ-C-M close contacts have also been observed for the –N(SiMe3) ligand.  
Such interactions have been seen in complexes of samarium,18, 19 europium,20 
ytterbium,20-22 and uranium (Table 3.1).23-25  In all of these compounds, the hydrogen 
atoms bound to the γ-carbon are oriented in such a way as to maximize their distance 
from the metal atom, in a fashion analogous to that in La(η5-C5Me5)[CH(SiMe3)2]2  and  
Y((η5-C5Me5)(OC6H3tBu2)CH(SiMe3)2.  DFT calculations support the idea that any γ-
agostic interaction is minimal and that the primary interaction with the metal is sigma 
donation from the Si-C bond.18, 26 
 Although the majority of published compounds that have γ-C-M close contacts do 
not appear to be agostic in nature, there are several examples of bona fide γ-agostic 
bonds.  Teuben and coworkers prepared both Cp*2YN(SiMe3)2 and Cp*2YCH(SiMe3)2.27  
The X-ray crystal structures of these two complexes show that a hydrogen atom on a γ-
carbon points directly at the ytterbium metal center with a M-H distance of 2.45 Å for 
both Cp*2YN(SiMe3)2 and Cp*2YCH(SiMe3)2.  This structure is markedly different than 
that seen for either La(η5-C5Me5)[CH(SiMe3)2]2  or  Y((η5-C5Me5)-
(OC6H3tBu2)CH(SiMe3)2.  Similarly, the compound [RuCl2(PPh3){N(SiMe3)C(Ph)-
NH(PPh2)}] synthesized by Wong and coworkers28 may possess a γ-agostic interaction as 
judged from the X-ray crystal structure, but the existence of such an interaction could not 
be verified by either IR or NMR spectroscopy.  Although the structures of the above three 
compounds are suggestive of γ-agostic interactions, an unambiguous determination is 
best made by means of a neutron diffraction study or NMR studies.  The only non-solid-
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state evidence of γ-agostic interactions are some unusually shielded NMR chemical shifts 
in tantalum carborane complexes prepared by Grimes29 and a kinetic isotope study by 
Bercaw30 which suggests the presence of a γ-agostic interaction in the transition state for 
β-methyl elimination from zirconocenium neopentyl cations. 
 
Molecule Atoms 
Involved in 
Close 
Contact 
Interaction 
Distance (Å) 
Reference 
[RuCl2(PPh3){N(SiMe3)C(Ph)NH(PPh2)}] Ru-γ-C 3.16 28 
Ti(C(Si(Me3)[C(C6H5)(Me)]Cp2[AlCl4] Ti-γ-C 2.52 31, 32 
Sr[N(2,4,6-Me3C6H2)(SiMe3)]2(PMDTA) Sr-γ-H 2.90 33 
[Li(N{(tBu)Si(Me2)(C6H4OMe)}]2 Li-γ-H 2.56 34 
[Li(N{(tBu)Si(Me2)(C6H4NMe2)}]2 Li-γ-H 2.68 34 
[Li(N{(tBu)Si(Me2)(C6H4CH2NMe2)}]2 Li-γ-H 2.79 34 
[Li(N{(tBu)Si(Me2)(C6H4CF3)}]2 Li-γ-H 2.42 34 
(C5Me5)Y(OC6H3tBu2)CH(SiMe3)2 Y-γ-C 2.97 13 
Cp*2YN(SiMe3)2 Y-γ-H 2.45 27 
Cp*2YCH(SiMe3)2 Y-γ-H 2.45 27 
(C5Me5)La{LaCH(SiMe3)2}2 La-γ-C 2.96 10-13 
Sm[N(SiMe3)2]3 Sm-γ-C 3.00 18 
Sm[N(SiMe3)2]2(THF)2 Sm-γ-C 3.32 19 
[SmN(SiMe3)2I(DME)(THF)]2 Sm-γ-C 3.37 19 
Yb[N(SiMe3)2]2[AlMe3]2 Yb-γ-C 2.76 21 
Yb[N(SiMe3)2]2(DMPE) Yb-γ-C 3.04 22 
NaYb[N(SiMe3)2]3 Yb-γ-C 2.86 20 
NaEu[N(SiMe3)2]3 Eu-γ-C 3.04 20 
U(S-2,6-Me2C6H3)[N(SiMe3)2]3 U-γ-C 3.23 23, 24 
U[CH(SiMe3)2]3 U-γ-C 3.09 15 
            
 Table 3.1.  Summary of reported close-contact distances for M-γ-interactions. 
 
Here we present two new compounds Ti2Cl6[N(t-Bu)2]2 and Ti2[μ-N(t-
Bu)]2Cl2[N(t-Bu)2]2.  Ti2Cl6[N(t-Bu)2]2 possess an interesting interaction between 
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titanium and a γ-carbon.  This interaction will be discussed with a focus on determining 
whether or not this is an attractive interaction and specifically an agostic one.   
 
Results and Discussion 
Synthesis and Structure of Ti2Cl6[N(t-Bu)2]2.  Treatment of TiCl4 with two 
equivalents of HN(t-Bu)2 in pentane gives an orange solution, from which red crystals of 
the amido complex Ti2Cl6[N(t-Bu)2]2 (1) can be obtained by crystallization from toluene 
at -20 °C.  The crystals turn green when dried, but redissolve in hydrocarbon solvents to 
give orange to red solutions.  This air- and moisture-sensitive compound can also be 
obtained by treatment of TiCl4 with one equiv. of LiN(t-Bu)2, but this reaction also 
produces other products (see below). 
 
2 TiCl4 + 4 HN(t-Bu)2 Ti2Cl6[N(t-Bu)2]2 + 2 [H2N(t-Bu)2]Cl  
 
The room temperature 1H and 13C(1H) NMR spectra of 1 show a single resonance 
at δ 1.38 and 32.7, respectively, for the methyl groups of the tert-butyl substituents.  A 
discussion of the variable temperature NMR behavior will be deferred until after 
presentation of the X-ray crystallographic results. 
Single crystals of 1 grown from pentane are polymorphic:  the two polymorphs 
studied here both conform to space group P21/n.  Crystal data for both polymorphs are 
presented in Table 3.2.  Interestingly, the molecular structures adopted in the two 
polymorphs are almost exactly identical, and therefore selected bond lengths and angles 
for only one of the polymorphs is reported in Tables 3.3.  In each polymorph there are 
two molecules per unit cell, each of which resides on an inversion center.  The two 
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polymorphs differ in that the molecules are oriented differently with respect to the screw-
axis. (Figure 3.2). 
Compound 1 adopts a dimeric chloride-bridged structure, in which the N(t-Bu)2 
groups are terminal (Figure 3.3).  The geometry around each titanium atom is square 
pyramidal, with the nitrogen atom, two bridging chlorine atoms, and one terminal 
chlorine atom making up a equatorial square plane, and the remaining terminal chlorine 
occupying the axial position.  The central Ti2Cl2 unit is symmetric about an inversion 
center with Ti-Cl-Ti angles of 101.96(2)° and Ti-Cl distances to the bridging chlorides of 
2.4798(6) and 2.4947(6) Å.  The latter are significantly longer than the Ti-Cl distances to 
the terminal chloride ligands, which are 2.2239(7) Å and 2.3116(6) Å for the chlorides in 
the axial and equatorial sites, respectively.  The Ti-N distance is 1.871(2) Å.   
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 1a 1b 2 
 
Formula  
 
 
Ti2Cl6[N(t-Bu)2]2 Ti2Cl6[N(t-Bu)2]2 Ti2[μ-N(t-Bu)]2Cl2[N(t-
Bu)2]2 
Formula Weight  
 
564.97 564.97 565.41 
Temp. (K)  
 
193(2) 193(2) 193(2) 
λ (Å)  
 
0.71073 0.71073 0.71073 
Cryst. Syst.  
 
Monoclinic Monoclinic Monoclinic 
Space Group  
 
P21/n P21/n P21/n 
a (Å)  
 
8.5810(16) 7.512(2) 10.649(2) 
b (Å)  
 
15.042(3) 20.436(7) 11.589(3) 
c (Å)  
 
10.0622(19) 8.291(3) 12.948(3) 
α (°)  
 
90 90 90 
β (°)  
 
91.788(3) 90.484(5) 110.882(5) 
γ (°)  
 
90 90 90 
V (Å
3
)  
 
1298.2(4) 1272.8(7) 1493.0(6) 
Z, ρ
calc 
(g cm
-3
)  
 
2, 1.445 2, 1.474 2, 1.258 
μ (mm
-1
)  
 
1.238 1.262 0.732 
F(000)  
 
584 584 608 
Crystal Size (mm)  
 
0.06 × 0.18 ×0.46 0.18 × 0.24 × 0.36 0.14 × 0.12 × 0.04 
θ range (°)  
 
2.44 – 25.37 1.99 - 28.29 2.43 - 25.51 
Rflns: Total/Unique  
 
10216 / 2380 11813 / 3080 8218 / 6363 
R(int)  
 
0.0495 0.0729 0.0000 
Abs. Corr.  
 
Face-indexed Face-indexed Integration 
Max., Min. Transm. Factors.  
 
0.931, 0.0641 0.808, 0.689 0.9723, 0.9104 
Data/Restraints/Params  
 
2380 / 12 / 280 3080 / 0 /126 6363 / 0 / 155 
GOF on F
2 
 
1.005 1.107 0.806 
R
1 
[I>2σ(I)]  
 
0.0259 0.0409 0.0574 
wR
2 
(all data)  
 
0.0638 0.1153 0.0963 
Ext. Coeff.  
 
NA NA NA 
Max., Min. Δρ
elect 
(e.A
-3
)  0.301, -0.206 0.527, -0.313 0.608, -0.534 
 
Table 3.2.  Crystallographic data for new titanium amido compounds. 
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  Bond Distances (Å)   
Ti(1)-N(1)   1.8708(15) C(1)-C(3)       1.540(3) C(5)-C(7)       1.532(4) 
Ti(1)-Cl(1)     2.2239(7) C(2)-H(2A) 0.99(2) C(5)-C(8)       1.534(3) 
Ti(1)-Cl(2)     2.3116(6) C(2)-H(2B)    0.91(3) C(6)-H(6A)    0.98(3) 
Ti(1)-Cl(3)     2.4798(6) C(2)-H(2C)    0.96(2) C(6)-H(6B)    0.93(3) 
Ti(1)-Cl(3A)  2.4947(6) C(3)-H(3A)    0.99(2) C(6)-H(6C)    0.95(4) 
Ti(1)-C(2)      2.634(3) C(3)-H(3B) 0.87(3) C(7)-H(7A)    0.92(3) 
Cl(3)-Ti(1A)  2.4947(6) C(3)-H(3C)    0.97(2) C(7)-H(7B)    1.01(3) 
N(1)-C(1)       1.511(2) C(4)-H(4A)    0.90(3) C(7)-H(7C)    1.00(3) 
N(1)-C(5)       1.518(2) C(4)-H(4B)    0.96(3) C(8)-H(8A)    1.05(3) 
C(1)-C(2)       1.527(3) C(4)-H(4C)    0.99(3) C(8)-H(8B)    1.00(2) 
C(1)-C(4)       1.529(3) C(5)-C(6)       1.524(4) C(8)-H(8C)    0.94(3) 
  
Bond Angles (⁰) 
 
 
Ti(1)-N(1)-C(1)   
            
110.66(11) Cl(3)-Ti(1)-Cl(3A)     78.045(19) 
Ti(1)-N(1)-C(5)   
            
125.44(12) N(1)-C(1)-C(2)           106.65(16) 
Cl(1)-Ti(1)-C(2)   
           
176.46(6)  N(1)-Ti(1)-C(2)          62.84(7) 
Cl(1)-Ti(1)-Cl(3)  
            
91.53(2) C(1)-N(1)-C(5)           123.73(14) 
Cl(1)-Ti(1)-N(1)  
            
114.30(5) H(2A)-C(2)-H(2B)     109.2(17) 
Cl(3)-Ti(1)-N(1) 92.86(5) H(2A)-C(2)-H(2C)     112.1(17) 
 
Table 3.3.  Selected bond lengths and angles for Ti2Cl6[N(t-Bu)2]2. 
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Figure 3.3.  X-ray crystal structure of Ti2Cl6[N(t-Bu)2]2, 1.  Ellipsoids are drawn at the      
          30% probability density level, except for hydrogen atoms, which are shown      
         as arbitrarily-sized spheres. 
 
The most interesting structural feature in 1 is that each titanium center forms a 
Ti···C close contact of 2.634(3) Å to one of the methyl groups, carbon C(2), of one of the 
N(t-Bu)2 ligands (Figure 3.3).  The presence of the close contact in both polymorphs 
suggests that this interaction is not the result of packing effects.  Including this Ti···C 
close contact, each titanium atom adopts a distorted octahedral geometry in which the 
nitrogen atom is trans to one of the bridging chloride atoms, and the Ti···C contact is 
trans to one of the terminal chloride atoms.  Except for the N-Ti···C angle (which is 
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small owing to the fact that these atoms form a four-membered ring), the interligand 
angles about each Ti center are near the ideal values of 90 and 180°.   
All of the hydrogen atoms, including those on the interacting methyl group C(2), 
were located in the difference map.  Interestingly, the hydrogen atoms on C(2) are 
arranged in a fashion that maximizes the distances (and minimizes the interaction) 
between them and the titanium atom. This arrangement is similar to those seen in certain 
–CH(SiMe3)2 and –N(SiMe3)2 complexes (see above), in which the metal center is 
interacting with a C-Si bond.  If the interaction in 1 is similar, it would involve donation 
of electron density from the C-C bond to the Ti center, and one would expect the C(1)-
C(2) bond to be elongated.  However, no bond lengthening is observed:  the C(1)-C(2) 
bond length of 1.527(3) Å is essentially identical to the 1.540(3) and 1.529(3) Å bond 
lengths seen between the quaternary carbon and the two non-interacting methyl groups.  
There are only three suspected examples of interactions in which electron density 
from C-C sigma bonds is donated to a metal center.  In all three cases, there are either no 
hydrogen atoms on the carbon atoms involved, or the C-H bonds are positioned in such a 
way that they cannot interact with the metal center.35-39  Jaffert et al. synthesized a 
cyclopropyl tris(pyrazolyl)boratoniobium complex that shows evidence of C-C bond 
lengthening in the C-C bond closest to the metal center in the cyclopropyl ligand.37, 38  
Ernst and coworkers reported a titanium complex with a remarkably short C-Ti contact.39  
At the same time, the H atoms in this complex are sterically shielded from the metal 
center, which suggests the presence of an interaction between the metal and the C-C 
bond.  Calculations support this hypothesis.35  The final example is of a ruthenium 
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quinonoid complex, for which structural data suggest there may be an interaction 
between the metal center and a, aryl-alkyl C-C bond.36   
A key question is whether the Ti···C interaction in 1 is attractive or repulsive.  
For comparison, the compound Ti2Cl6[N(t-Bu)(SiMe3)]2 is known to adopt a structure 
that is very similar to 1: in this case, the tert-butyl group forms a Ti··C close contact of 
2.774 Å.  The other metric parameters for this complex are very similar to those seen for 
1:  for example, the Ti-N distance is 1.838(2) Å.40  The hydrogen atoms on the tert-butyl 
groups of Ti2Cl6[N(t-Bu)(SiMe3)]2 are oriented so as to minimize their interactions with 
the Ti atom.       
Relative to C-C bonds, silicon-carbon bonds are longer and the relevant sigma 
orbitals are higher in energy.  These factors make a Si-C bond a better donor to a metal 
center than a C-C bond. Thus, if the titanium center in Ti2Cl6[N(t-Bu)(SiMe3)]2 is seeking 
additional electrons, it should prefer to interact with a Si-C bond in the N-trimethylsilyl 
group rather than with a C-C bond in the N-tert-butyl group.  In order for this interaction 
to occur, the SiMe3 group must be located near the “open” coordination site of the square 
pyramidal Ti center.  In fact the tert-butyl group occupies this position, and the SiMe3 
group, which is located near the axial chlorine atom, is too remote to interact with the 
metal center (Figure 3.4).  This overall molecular geometry is consistent with 
minimization of steric repulsions between the amido ligand and the chlorine atoms.  By 
placing the tert-butyl group near the titanium and the SiMe3 group to be near the axial 
chlorine, the steric interactions with those chlorine atoms are reduced.  A similar 
minimization of steric effects can account for the structure of 1.    
70 
 
 
Figure 3.4.  (a) Expected conformation of Ti2Cl6[N(t-Bu)(SiMe3)]2 if Si-C forms 
an attractive interaction with Ti.  (b) Actual conformation of 
Ti2Cl6[N(t-Bu)(SiMe3)]2.  (c)  Conformation for compound 1. 
 
 
As judged from the theoretical treatments and detailed structural comparisons, the 
close-contact in 1 is best thought of as non-bonding in nature, and is the result of 
minimization of interligand steric interactions:  the tert-butyl group consisting of C(5), 
C(6), C(7) and C(8) must move away from Cl(1), thus forcing the other tert-butyl group 
into close proximity with the titanium center.   
 Variable Temperature NMR Behavior of Ti2Cl6[N(t-Bu)2]2.  At room 
temperature the 1H NMR spectrum of 1 shows a sharp singlet for the tert-butyl groups at 
δ 1.38 in toluene-d8.  When the sample is cooled, the peak begins to broaden, and the 
broadening becomes particularly evident around -60 °C.  At -90 °C the broad resonance 
has resolved into three singlets  At -100 °C these singlets have begun to sharpen and are 
located at δ 1.40, 0.87, and 0.62; their relative intensities are 12:3:3 respectively.  The 
spectra suggest that rotation about the Ti-N bond, as well as about one of the N-C bonds, 
becomes slow on the NMR time scale at low temperatures.  Such a situation should give 
a spectrum containing four resonances with intensities of 9:3:3:3, corresponding to one 
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tert-butyl group and three methyl groups.  Evidently, the resonance for one of the methyl 
groups accidentally overlaps with the resonance for the tert-butyl group to give the 
observed 12:3:3 intensity pattern.  The spectra are equally consistent with slowing of 
rotation of the tert-butyl group that is interacting with the metal center, as well as the tert-
butyl group that is near the axial Cl atom.   
 Wackermeyer has claimed that the analogous Ti2Cl6[N(t-Bu)(SiMe3)]2 complex is 
monomeric in solution on the basis of the line widths of the 14N NMR resonances.40   We 
do not find this evidence compelling, but it is true that the NMR data alone are consistent 
with both mononuclear and dinuclear structures in solution.   
Synthesis and Structure of Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2 (2).  Treatment of 
TiCl4 with three equiv of LiN(t-Bu)2 in pentane affords a dark red solution. A gas evolves 
vigorously during the first few minutes of the reaction, which was shown by an NMR 
study to consist largely of isobutylene.  Subsequent filtration of the reaction solution and 
crystallization at -20 °C produces red crystals of the imido complex Ti2[μ-N(t-
Bu)]2Cl2[N(t-Bu)2]2 (2) in 14.5 % yield. 
 
2 TiCl4 + 6 LiN(t-Bu)2 Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2 + 6 LiCl + 2 HN(t-Bu)2 + 2 C4H8  
 
The room temperature 1H NMR spectrum of 2 shows three equal-intensity 
singlets at δ 1.70, 1.58, and 1.50:  one of these signals is due to the imido ligands, and the 
other two to the amido ligands.  Evidently, on each amido ligand, the two tert-butyl 
groups are chemically inequivalent on the NMR time scale.  The resonances at δ 1.70 and 
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1.58 are broad owing to a dynamic process; these are assigned to the di(tert-butyl)amido 
ligand, as will be discussed below. 
Single crystals of 2 crystallize in the P21/n space group.  Crystal data are 
presented in Table 3.2, and selected bond distances and angles are presented in Table 3.4.  
The central imido bridged Ti2[N(t-Bu)]2 unit is symmetric about an inversion center with 
Ti-N distances of 1.932(2) and 1.888(2) Å.  The Ti-N-Ti angle is 94.39(11)°.  The amido 
Ti-N bond distance of 1.958(2) Å is slightly longer than those to the imido ligand.  The 
Ti-Cl bond distances are 2.310(1) Å.   
The most interesting features in 2 are the two bridging (tert-butyl)imido groups 
(Figure 3.5).  These imido ligands must be generated by dealkylation of the di(tert-
butyl)amido groups.  Other dinuclear group 4 compounds containing bridging imido 
ligands are known:  the compounds M2[N(t-Bu)]2(NMe2)4 (M = Ti, Zr, Hf) adopt 
structures very similar to that of 2.41, 42  However, unlike 2 these compounds were not 
generated by means of a dealkylation step:  they were synthesized by a transamination 
reaction of M(NMe2)4 with H2N(t-Bu).  The similar titanium imide 
Ti2[N(SiMe3)]2Cl2[N(SiMe3)2]2 was synthesized by treating TiCl4 with LiN(SiMe3)2.43  
Here, the formation the bridging imido group in Ti2[N(SiMe3)]2Cl2[N(SiMe3)2]2 involves 
a desilylation of the disilylamido group, a step that has been proposed to involve 
formation of a 4-membered Ti-N-Si···Cl structure and elimination of Me3SiCl.44-46 
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Bond Distances (Å) 
Ti-N(1) 1.958(2) N(1)-C(1) 1.514(3) 
Ti-N(2) 1.932(2) N(2)-C(9) 1.489(1) 
Ti-N(2A) 1.888(2) C(1)-C(2) 1.534(4) 
Ti-Cl(1) 2.310(1) C(9)-C(11) 1.530(3) 
 
Bond Angles (⁰) 
 
Ti(1)-N(2)-Ti(1A) 94.39(11) N(1)-Ti(1)-N(2) 124.23(10) 
Ti(1)-N(1)-C(1) 115.18(17) N(2)-Ti(1)-N(2A) 85.61(11) 
Ti(1)-N(2)-C(9) 123.54(18) C(1)-N(1)-C(5) 119.5(2) 
Cl(1)-Ti(1)-N(1) 117.52(8) C(2)-C(1)-C(3) 110.5(2) 
Cl(1)-Ti(1)-N(2) 100.12(7) C(10)-C(9)-C(11) 109.2(3) 
 
Table 3.4.  Selected bond lengths and angles for Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2. 
74 
 
Figure 3.5.  X-ray crystal structure of Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2, 2.         
             Ellipsoids are drawn at the 30% probability density level. 
 
Dealkylation of alkylamido ligands has been little studied.  Bradley and Thomas 
reported that treatment of NbCl5 with Li[N(MeBun)2] afforded the penta(amido) 
compound Nb[N(MeBun)2]5.47  When this compound was distilled, however, it thermally 
decomposed into the niobium(IV) compound Nb]N(MeBun)2]4 and the niobium(V) imido 
compound (n-Bu)N=Nb[N(MeBun)2]3.  The latter is the result of dealkylation chemistry. 
When more sterically demanding lithium dialkylamido reagents were used, the 
niobium(IV) compounds were generated, but no niobium(V) imido products were 
observed.47  Bradley and Thomas also reported that treatment of TaCl5 with lithium 
dialkylamido reagents yielded compounds of the formula Ta(NR2)5 (R = Et, Prn, Bun).  
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Subsequent heating of these compounds resulted largely in the formation of the imido 
compounds RN=Ta(NR2)3 by dealkylation, although some Ta(NR2)4 was also present 
among the thermolysis products.  Gas chromatographic examination of all of the volatile 
products produced in the decomposition of Ta[N(n-Pr)2]5 suggested that the dealkylation 
reaction conforms to the following equation:48, 49 
 
Ta[N(n-Pr)2]5 (n-Pr)N=Ta[N(n-Pr)2]4 + HN(n-Pr)2 + CH2=CHCH3  
 
Sugiyama et al. also studied the reaction of TaCl5 with lithium diethylamide.50  Like 
Bradley and Thomas, they observed that distilling the product resulted in formation of 
EtN=Ta(NEt2)3.  The authors also detected the presence of diethylamine in the volatile 
materials, as observed by Bradley and Thomas.  Unlike the previous work, however, 
Sugiyama et al. were able to isolate the metallacycle seen in Figure 3.6 during 
distillation.  When the metallacycle was heated above 100 °C, it decomposed into 
ethylene and EtN=Ta(NEt2)3.  The authors reported that they never observed any 
Ta(NEt2)4 as reported by Bradley and Thomas, and when they prepared Ta(NEt2)5 they 
were not able to obtain any of the metallacycle seen in Figure 3.6.  
 
N
CH
H3C
Et
Ta(NEt2)3
 
 
Figure 3.6.  Metallacycle generated upon distilling the products obtained by treating   
         TaCl5 with Li(NEt2). 
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Dealkylation reactions in early transition metal chemistry are far more commonly seen 
for thiolate and alkoxide ligands than for amides.  For both early and late transition 
metals, dealkylation of alkoxide ligands bearing β-hydrogen atoms usually occurs by 
means of a β-hydrogen elimination mechanism.51-54  For example, when early transition 
metal alkoxides bearing β-hydrogens are heated, β-hydrogen elimination gives the 
corresponding aldehyde, alcohol, and ether.55 This mechanism is likely involved in the 
racemization of 2-butanal catalyzed by Ta or Zr  alkoxides.56  If β-hydrogen atoms are 
absent, alkoxides and thiolates can decompose through γ-CH activation; thus, heating 
early transition metal tert-butoxides affords isobutene and tert-butyl alcohol as the 
primary decomposition products.55, 57-59  Girolami proposed the mechanism seen in 
Scheme 3.1 for the decomposition of copper(I) tert-butoxide under chemical vapor 
deposition conditions.60  If only reaction pathways A and B are active, one would 
anticipate that equal amounts of isobutene and tert-butyl alcohol should be formed.  If 
however an excess of isobutene is generated, then reaction pathways C and D must also 
be active, and some water must be formed as well.  A very similar mechanism has been 
suggested for the decomposition of Mo(SBut)4 and Ti(SBut)4 during the formation of 
MoS2 and TiS2 films.61  In this case, the formation of H2S in addition to isobutene and 
tert-butylthiol is cleary evident.   
A few transition metal complexes are known that dealkylate by means of γ-
hydrogen elimination mechanism.  Chisholm and coworkers prepared [W2(µ-H)(µ-
O)(OBui)6]- and [W2(µ-H)(µ-O)(OPri)6]- by thermally decomposing [W2(OBut)7]- and 
[W2(OPri)7]- in the presence of pyridine.62  Isobutene and propene are produced, but the 
operating mechanism proposed by Chisholm is somewhat different from that proposed 
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for the decomposition of copper(I) tert-butoxide (Scheme 3.2)  In the case of 
[W2(OBut)7]-, it is thought that the γ hydrogen is removed as a hydride by an adjacent 
tungsten atom, resulting in the formation of isobutene as well as a bridging oxygen and 
bridging hydride between the two tungsten mental centers.  There is one example in 
which dealkylation of a metal alkoxide generates a metal oxo alkyl complex.  When 
Cp*TiMe2(OCMePy2) is treated with one equivalent of 2,6-dimethylphenylisocyanide, 
the metal-bound methyl groups are removed as Me2CN[2,6-Me2(C6H3)] and the O-C 
bond in –OCMePy2 cleaves to yield [Cp*Ti(µ-O)(CMePy2)]2.63. 
 There are also a number of metal thiolate compounds that readily undergo 
dealkylation.  Mercury and lead thiolates are known to decompose into HgS and PbS 
respectively upon heating.64, 65  These systems obey the general principle that the 
complexes are more thermally stable when the alkyl groups lack β-hydrogen atoms.  
Several zirconium and niobium thiolate compounds dealkylate to products that contain 
bridging or terminal sulfide groups.66-69  These dealkylations result in both isobutene and 
isobutane as byproducts.  It has been proposed that the isobutene forms by heterolytic 
cleavage of the S-C bond followed by deprotonation of the tert-butyl carbonium ion.  The 
isobutane is thought to form as a result of hemolytic S-C bond cleavage followed by 
proton transfer to the tert-butyl radical.   
 A study of the thermolysis of ethers, thioethers, and amines conducted by Martin 
and Ascanio found that the rates tracked bond dissociation energies: N-C bonds are the 
strongest (and the rates are slowest) followed by O-C and S-C bonds.70  The cleavage of 
S-C bonds occurred nearly 100 times faster than the cleavage of N-C bonds.  In light of 
78 
 
this information, it should not be surprising that dealkylation of amido groups is 
relatively rare compared dealkylation of alkoxides and thiolates.   
 
 
Scheme 3.1.  Mechanism proposed by Girolami and coworkers for the                         
     decomposition of Cu (I) tert-butoxide under chemical vapor    
     deposition conditions. 
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Scheme 3.2.  Mechanism proposed by Chisholm and coworkers for the dealkylation of
 [W2(OBut)7]-. 
 
In our titanium system, the dealkylation reaction that results in the formation of 2 
from TiCl4 and LiN(t-Bu)2 also generates isobutene:  the reaction solutions contain 1H 
NMR resonances at δ 4.62 and 1.68 in a 2:6 ratio.  Integrations of the spectra show that, 
for every equivalent of 2 generated, 1.95 equiv of isobutene are also formed.  (It is not 
possible to determine the relative ratio of HN(t-Bu)2 to 2 or to isobutene due to the 
formation of HN(t-Bu)2 from adventitious water.)  One reasonable mechanism is the 
addition of one equivalent of di(tert-butyl)amide to TiCl4 to produce one equivalent of 
LiCl and compound 1.  A second equivalent of di(tert-butyl)amide acts as a 
deprotonating agent, removing a γ hydrogen atom from the coordinated amide, forming 
isobutene and HN(t-Bu)2.  A third equivalent of amide then replaces a chloride atom to 
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generate 2 and the final equivalent of LiCl (Scheme 3.3).  Alternatively, the order of the 
last two steps could be reversed. 
 
Ti
N
ClCl
Cl
H
N
Ti
-C4H8
Ti
N
Cl
Cl
Cl
Ti
+
N
(t-
B
u)
2
-L
iC
l
Ti
N
N Cl
Cl
TiTi
N
N
Ti
N
Cl
 
Scheme 3.3.  Proposed mechanism for the formation of 2. 
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Variable Temperature NMR Behavior of Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2.  At -
20 °C the 1H NMR spectrum of 2 shows three sharp resonances at δ 1.70, 1.58, and 1.51 
of equal intensity (Figure 3.7).  As the temperature is raised, the resonances at δ 1.70 and 
1.58 begin to broaden and coalesce; clearly, these resonances are due to the tert-butyl 
groups of the N(t-Bu)2 amido ligand, which are chemically inequivalent at low 
temperature, but become equivalent (presumably by means of rotation about the Ti-N 
bond) at higher temperature.  Above 70 °C, the peaks for 2 begin to broaden again, 
presumably owing to a new dynamic process;  in addition, a new peak corresponding to 
free amine begins to grow in at δ 1.11 owing to thermal decomposition. 
 The variable temperature line shapes were simulated in order to determine the rate 
constant (k) at each temperature.  These resulting rate data form a linear Eyring plot 
(Figure 3.8);  the least-squares fit to the Eyring equation affords the activation parameters 
for rotation about the Ti-N bond of the di(tert-butyl)amido ligands: ΔH‡ = 12.8 ± 0.6 kcal 
mol-1 and ΔS‡ = -8 ± 2 cal K-1·mol-1. 
83 
 
 
Figure 3.8.  Erying plot for amido rotation process in Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2, 2. 
 
The hindered rotation around the N(1)-Ti bond is most likely a steric effect 
involving the bulky di(tert-butyl)amido ligand.  In contrast to the slow rotation seen for 2 
on the NMR time scale at room temperature, the structurally similar compound 
Ti2[N(SiMe3)]2Cl2[N(SiMe3)2]2 is already in the fast exchange limit at room temperature 
as evidenced by the presence of only a singlet for the N(SiMe3)2 group in the 1H NMR 
specturm.43  The shorter N-C bond length in N(t-Bu)2 vs. the longer N-Si bond length in 
N(SiMe3)2 makes the former ligand the more sterically demanding. 
 Conclusions.  Two new di(tert-butyl)amido titanium(IV) complexes were 
synthesized.  A close-contact between a γ-carbon and the titanium metal center was 
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observed in Ti2Cl6[N(t-Bu)2]2.   Detailed structural comparisons suggest that this C-Ti 
contact is best thought of as nonbonding in nature and not as an attractive interaction.  
The compound Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2 was formed by a dealkylation of a di(tert-
butyl)amido group. 
 
Experimental   
All operations were carried out in a vacuum or under argon with standard Schlenk 
techniques.  Solvents were distilled under nitrogen from either sodium (toluene) or 
sodium benzophenone (pentane).  All glassware was flame dried before use.  The TiCl4 
(STREM) was distilled before use.  The reagents HN(t-Bu)2 and LiN(t-Bu)2 were 
prepared by a modification of a literature route.71  
 Elemental analyses was performed by the University of Illinois Microanalytical 
Laboratory.  The IR spectra were obtained on a Nicolet Impact 410 spectrometer as Nujol 
mulls between KBr plates.  The 1H and 13C NMR data were recorded on a Varian Unity-
500 spectrometer at 11.75 T.  Chemical shifts are reported in δ units (positive shifts to 
higher frequency) relative to TMS.  Variable temperature 1H NMR spectra were 
simulated using the gNMR software package (IvorySoft).  The rates of exchange as a 
function of temperature were determined from visual comparisons of experimental 
spectra with computed trial line shapes.  The errors in the rate constants of ca 5 % were 
estimated on the basis of subjective judgments of the sensitivities of the fits to changes in 
the rate constants.  The temperature of the NMR probe was calibrated using methanol and 
ethylene glycol temperature standards, and the estimated error in the temperature 
measurements was 1 K.  The activation parameters were calculated from an unweighted 
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non-linear least-squares procedure contained in the program Excel (Microsoft).  The 
errors in the activation parameters were computed from error propagation formulae that 
were derived from the Eyring equation.72  X-ray crystallographic data were collected at 
the University of Illinois Materials Chemistry Laboratory. 
Hexachlorobis[di(tert-butyl)amido]dititanium(IV).  To a stirred solution of 
HN(t-Bu)2 (1.04 mL, 6.08 mmol) in pentane (50.0 mL) at 25 °C was added titanium(IV) 
chloride (0.33 mL, 3.01 mmol).  The mixture was stirred for 18 h and then the solvent 
was removed in vacuum; the solid was extracted with pentane (5 × 30 mL).   The extracts 
were cooled to -20 °C, without concentrating, for 16 h to afford the product as green 
needles.  Polymorph A and B are obtained under seemingly identical conditions.  Yield:  
0.10 g (11.8%).  Anal. Calcd for Ti2Cl6N2C16H36:  C, 34.0; H, 6.42, N, 4.96, Cl, 37.6.   
Found:  C, 34.1, H, 6.80, N, 4.98, Cl, 36.9..  1H NMR (C7D8, 25 °C):  δ 1.38 (s, t-Bu).  
13C NMR (C7H8, 25 °C):  δ 32.7 (s, t-Bu).  IR (cm-1):  1243 (m), 1209 (m), 1178 (br, m), 
1044 (w), 931 (w), 901 (w), 846 (m), 802 (w), 758 (w), 575 (m), 444 (m).   
Bis(tert-butylimido)dichlorobis[di(tert-butyl)amido]dititanium(IV).  To a 
suspension of LiN(t-Bu)2 (1.50 g, 11.1 mmol) in pentane (50.0 mL) at 25 °C was added 
titanium(IV) chloride (0.41 mL, 3.74 mmol).  The mixture was stirred for 16 h and then 
allowed to settle. The orange-red solution was filtered, and the filtrate was cooled to -20 
°C for 24 h without concentrating to afford the product as red  needles.  Yield:  0.14 g 
(14.5 %).  Anal. Calcd for Ti2Cl2N4C24H54:  C, 51.1; H, 9.47, N, 9.93.  Found:  C, 49.5, 
H, 9.70, N, 9.44.  1H NMR (C7D8, 25 °C):  δ 1.70 (s, br, 18H, amide), 1.58 (s, br, 18H, 
amide), 1.50 (s, 18H, imide).  IR (cm-1):  1360 (m), 1247 (w), 1207 (m), 1172 (s), 1027 
(w), 966 (w), 947 (w), 864 (w), 811 (w), 764 (w), 708 (w), 642 (m), 586 (w), 553 (w).    
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Crystallographic Studies.73  Single crystals of Ti2Cl6[N(t-Bu)2]2 polymorph A 
(1a), grown from pentane were mounted on glass fibers with Paratone-N oil (Exxon) and 
immediately cooled to -75 °C in a cold nitrogen gas stream on the diffractometer.  
Crystals of Ti2Cl6[N(t-Bu)2]2 polymorph B (1b) and Ti2[μ-N(t-Bu)]2Cl2[N(t-Bu)2]2 (2) 
were obtained and treated similarly.  Standard peak search and indexing procedures gave 
rough cell dimensions, and least squares refinement using 995 reflections for 1a, 934 
reflections for 1b, and 761 reflections for 2 yielded the cell dimensions given in Table 
3.2. Data were collected with an area detector by using the measurement parameters 
listed in Table 3.2.  The measured intensities were reduced to structure factor amplitudes 
and their esd's by correction for background, scan speed, and Lorentz and polarization 
effects.  Systematically absent reflections were deleted and symmetry equivalent 
reflections were averaged to yield the set of unique data.  The structures were solved 
using direct methods (SHELXTL).  The analytical approximations to the scattering 
factors were used, and all structure factors were corrected for both real and imaginary 
components of anomalous dispersion.  Final refinement parameters are given in Table 
3.2.  A final analysis of variance between observed and calculated structure factors 
showed no apparent errors. 
1a:  Systematic absences for 0k0 (k ≠ 2n) and h0l (h + l ≠ 2n) were only consistent 
with space group P21/n.  Although corrections for crystal decay were unnecessary, a face-
indexed absorption correction was applied, the maximum and minimum transmission 
factors being 0.931 and 0.641.  All 2380 data were used in the least squares refinement.  
The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where w = 
{[σ(Fo2)]2 + (0.039P)2}-1 and P = (Fo2 + 2Fc2)/3.  In the final cycle of least squares, 
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independent anisotropic displacement factors were refined for all atoms, including the 
hydrogen atoms, all of which appeared as distinct peaks in the difference maps and 
whose locations were refined without restraints.  Successful convergence was indicated 
by the maximum shift/error of 0.001 for the last cycle.  The largest peak in the final 
Fourier difference map (0.30 eÅ-3) was located 0.72 Å from N1 and 1.27 Å from Ti1.   
1b:  Systematic absences for 0k0 (k ≠ 2n) and h0l (h + l ≠ 2n) were only 
consistent with space group P21/n.  Corrections for crystal decay were unnecessary, and 
no absorption correction was applied.  All 3080 data were used in the least squares 
refinement.  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, 
where w = {[σ(Fo2)]2 + (0.0493P)2 + 1.06P}-1 and P = (Fo2 + 2Fc2)/3.  The data crystal 
twinned by merohedry, the calculated intensities were defined by the formula Icalc = 
xI(hkl) + (1 – x)I(h¯kl), where x is the volume fraction of the major twin individual.  The 
value of x refined to 0.898(1).  In the final cycle of least squares, independent anisotropic 
displacement factors were refined for all nonhydrogen atoms and the hydrogen atoms 
were fixed in “idealized” positions with their isotropic displacement parameters set equal 
to 1.5 times Ueq for the attached carbon atom.  Successful convergence was indicated by 
the maximum shift/error of 0.000 for the last cycle.  The largest peak in the final Fourier 
difference map (0.53 eÅ-3) was located 0.91 Å from N1 and 1.03 Å from Ti1.   
2:  Systematic absences for 0k0 (k  ≠ 2n) and h0l (h+l  ≠ 2n) were only consistent 
with space group P21/n.  Although corrections for crystal decay were unnecessary, the 
data were corrected for absorption, the maximum and minimum transmission factors 
being 0.9723 and 0.9104.  The reflection -1 0 1 was found to be a statistical outlier and 
omitted.  All reflections above 51.03 degrees were also omitted.  The remaining 6363 
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data were used in the least squares refinement.  The crystal exhibited non-merohedral 
twinning.  The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, 
where w = {[σ(Fo2)]2 + (0.0260P)2 + 0.00P}-1 and P = (Fo2 + 2Fc2)/3.  In the final cycle 
of least squares, independent anisotropic displacement factors were refined for the 
nonhydrogen atoms and hydrogen atoms were fixed in "idealized" positions with C-H = 
0.98 Å for the methyl hydrogens.  Successful convergence was indicated by the 
maximum shift/error of  0.000 for the last cycle.  The largest peak in the final Fourier 
difference map ( 0.18 eÅ-3) was located 1.89 Å from C10.   
   
References 
 
1. Brookhart, M.; Green, M. L. H., J. Organomet. Chem. 1983, 250, 395-408. 
2. Brookhart, M.; Green, M. L. H.; Parkin, G., Proceedings of the National Academy 
of Sciences of the United States of America 2007, 104, 6908-6914. 
3. Brookhart, M.; Green, M. L. H.; Wong, L. L., Prog. Inorg. Chem. 1988, 36, 1-
124. 
4. Clot, E.; Eisenstein, O., Struct. Bond. 2004, 113, 1-36. 
5. Kubas, G. J.; Editor, Metal Dihydrogen and s-Bond Complexes: Structure, Theory 
and Reactivity. 2001; p 444 pp. 
6. Scherer, W.; McGrady, G. S., Angew. Chem. Int. Ed. 2004, 43, 1782-806. 
7. Goddard, R. J.; Hoffmann, R.; Jemmis, E. D., J. Am. Chem. Soc. 1980, 102, 7667-
76. 
8. Eisenstein, O.; Jean, Y., J. Am. Chem. Soc. 1985, 107, 1177-86. 
89 
 
9. Vidal, I.; Melchor, S.; Alkorta, I.; Elguero, J.; Sundberg, M. R.; Dobado, J. A., 
Organometallics 2006, 25, 5638-5647. 
10. Schaverien, C. J.; Vanderheijden, H.; Orpen, A. G., Polyhedron 1989, 8, 1850-
1852. 
11. Van der Heijden, H.; Schaverien, C. J.; Orpen, A. G., Organometallics 1989, 8, 
255-8. 
12. Schaverien, C. J.; Nesbitt, G. J., J. Chem. Soc., Dalton Trans. 1992, 157-67. 
13. Klooster, W. T.; Brammer, L.; Schaverien, C. J.; Budzelaar, P. H. M., J. Am. 
Chem. Soc. 1999, 121, 1381-1382. 
14. Hitchcock, P. B.; Lappert, M. F.; Smith, R. G.; Bartlett, R. A.; Power, P. P., J. 
Chem. Soc., Chem. Commun. 1988, 1007-9. 
15. Van Der Sluys, W. G.; Burns, C. J.; Sattelberger, A. P., Organometallics 1989, 8, 
855-857. 
16. Clark, D. L.; Gordon, J. C.; Hay, P. J.; Martin, R. L.; Poli, R., Organometallics 
2002, 21, 5000-5006. 
17. Perrin, L.; Maron, L.; Eisenstein, O.; Lappert, M. F., New J. Chem. 2003, 27, 121-
127. 
18. Brady, E. D.; Clark, D. L.; Gordon, J. C.; Hay, P. J.; Keogh, D. W.; Poli, R.; 
Scott, B. L.; Watkin, J. G., Inorg. Chem. 2003, 42, 6682-6690. 
19. Evans, W. J.; Drummond, D. K.; Zhang, H.; Atwood, J. L., Inorg. Chem. 1988, 
27, 575-9. 
20. Tilley, T. D.; Andersen, R. A.; Zalkin, A., Inorg. Chem. 1984, 23, 2271-6. 
21. Boncella, J. M.; Andersen, R. A., Organometallics 1985, 4, 205-6. 
90 
 
22. Tilley, T. D.; Andersen, R. A.; Zalkin, A., J. Am. Chem. Soc. 1982, 104, 3725-
3727. 
23. Clark, D. L.; Miller, M. M.; Watkin, J. G., Inorg. Chem. 1993, 32, 772-774. 
24. Roger, M.; Barros, N.; Arliguie, T.; Thuery, P.; Maron, L.; Ephritikhine, M., J. 
Am. Chem. Soc. 2006, 128, 8790-8802. 
25. Stewart, J. L.; Andersen, R. A., Polyhedron 1998, 17, 953-958. 
26. Eisenstein, O.; Maron, L., J. Organomet. Chem. 2002, 647, 190-197. 
27. Den Haan, K. H.; Deboer, J. L.; Teuben, J. H.; Spek, A. L.; Kojicprodic, B.; Hays, 
G. R.; Huis, R., Organometallics 1986, 5, 1726-1733. 
28. Wong, W. K.; Jiang, T.; Wong, W. T., J. Chem. Soc., Dalton Trans. 1995, 3087-
3088. 
29. Boring, E.; Sabat, M.; Finn, M. G.; Grimes, R. N., Organometallics 1998, 17, 
3865-3874. 
30. Chirik, P. J.; Dalleska, N. F.; Henling, L. M.; Bercaw, J. E., Organometallics 
2005, 24, 2789-2794. 
31. Eisch, J. J.; Piotrowski, A. M.; Brownstein, S. K.; Gabe, E. J.; Lee, F. L., J. Am. 
Chem. Soc. 1985, 107, 7219-21. 
32. Koga, N.; Morokuma, K., J. Am. Chem. Soc. 1988, 110, 108-112. 
33. Gillett-Kunnath, M.; Teng, W. J.; Vargas, W.; Ruhlandt-Senge, K., Inorg. Chem. 
2005, 44, 4862-4870. 
34. Goldfuss, B.; Schleyer, P. V.; Handschuh, S.; Hampel, F., J. Organomet. Chem. 
1998, 552, 285-292. 
35. Bader, R. F. W.; Matta, C. F., Inorg. Chem. 2001, 40, 5603-5611. 
91 
 
36. Vigalok, A.; Milstein, D., Acc. Chem. Res. 2001, 34, 798-807. 
37. Jaffart, J.; Etienne, M.; Reinhold, M.; McGrady, J. E.; Maseras, F., Chem. 
Commun. 2003, 876-877. 
38. Jaffart, J.; Cole, M. L.; Etienne, M.; Reinhold, M.; McGrady, J. E.; Maseras, F., 
Dalton Trans. 2003, 4057-4064. 
39. Tomaszewski, R.; Hyla-Kryspin, I.; Mayne, C. L.; Arif, A. M.; Gleiter, R.; Ernst, 
R. D., J. Am. Chem. Soc. 1998, 120, 2959-2960. 
40. Wrackmeyer, B.; Weidinger, J.; Milius, W., Z. Anorg. Allg. Chem. 1998, 624, 98-
102. 
41. Bradley, D. C.; Torrible, E. G., Can. J. Chem. 1963, 41, 134-138. 
42. Nugent, W. A.; Harlow, R. L., Inorg. Chem. 1979, 18, 2030-2032. 
43. Ovchinnikov, Y. E.; Ustinov, M. V.; Igonin, V. A.; Struchkov, Y. T.; Kalikhman, 
I. D.; Voronkov, M. G., J. Organomet. Chem. 1993, 461, 75-80. 
44. Alcock, N. W.; Pierce-Butler, M.; Willey, G. R., J. Chem. Soc., Dalton Trans. 
1976, 707-713. 
45. Vasisht, S. K.; Sharma, R.; Goyal, V., Indian J. Chem., Sect A 1985, 24A, 37-39. 
46. Airoldi, C.; Bradley, D. C.; Chudzynska, H.; Hursthouse, M. B.; Malik, K. M. A.; 
Raithby, P. R., J. Chem. Soc., Dalton Trans. 1980, 2010-2015. 
47. Bradley, D. C.; Thomas, I. M., Can. J. Chem. 1962, 40, 449-454. 
48. Bradley, D. C.; Thomas, I. M., Can. J. Chem. 1962, 40, 1355-1360. 
49. Bradley, D. C.; Gitlitz, M. H., J. Chem. Soc. (A) 1969, 980-984. 
50. Takahashi, Y.; Onoyama, N.; Ishikawa, Y.; Motojima, S.; Sugiyama, K., Chem. 
Lett. 1978, 525-8. 
92 
 
51. Bernard, K. A.; Rees, W. M.; Atwood, J. D., Organometallics 1986, 5, 390-391. 
52. Bryndza, H. E.; Calabrese, J. C.; Marsi, M.; Roe, D. C.; Tam, W.; Bercaw, J. E., 
J. Am. Chem. Soc. 1986, 108, 4805-4813. 
53. Bryndza, H. E.; Tam, W., Chem. Rev. 1988, 88, 1163-1188. 
54. Mayer, J. M., Polyhedron 1995, 14, 3273-92. 
55. Nandi, M.; Rhubright, D.; Sen, A., Inorg. Chem. 1990, 29, 3065-6. 
56. Nugent, W. A.; Zubyk, R. M., Inorg. Chem. 1986, 25, 4604-4606. 
57. Bradley, D. C.; Faktor, M. M., J. Chem. Soc., Faraday Trans. 1959, 55, 2117-23. 
58. Bradley, D. C.; Faktor, M. M., J. Appl. Chem. 1959, 9, 435-9. 
59. Whitesides.G.M; Sadowski, J. S.; Lilburn, J., J. Am. Chem. Soc. 1974, 96, 2829-
2835. 
60. Jeffries, P. M.; Dubois, L. H.; Girolami, G. S., Chem. Mater. 1992, 4, 1169-75. 
61. Cheon, J.; Gozum, J. E.; Girolami, G. S., Chem. Mater. 1997, 9, 1847-1853. 
62. Budzichowski, T. A.; Chisholm, M. H.; Folting, K.; Huffman, J. C.; Streib, W. E., 
J. Am. Chem. Soc. 1995, 117, 7428-7440. 
63. Fandos, R.; Hernandez, C.; Otero, A.; Rodriguez, A.; Ruiz, M. J.; Terreros, P., J. 
Chem. Soc., Dalton Trans. 2002, 11-13. 
64. Kraeuter, G.; Favreau, P.; Rees, W. S., Jr., Chem. Mater. 1994, 6, 543-9. 
65. Kraeuter, G.; Neumueller, B.; Goedken, V. L.; Rees, W. S., Jr., Chem. Mater. 
1996, 8, 360-8. 
66. Coucouvanis, D.; Hadjikyriacou, A.; Lester, R.; Kanatzidis, M. G., Inorg. Chem. 
1994, 33, 3645-55. 
93 
 
67. Coucouvanis, D.; Lester, R. K.; Kanatzidis, M. G.; Kessisoglou, D., J. Am. Chem. 
Soc. 1985, 107, 8279-80. 
68. Coucouvanis, D.; Al-Ahmad, S.; Kim, C. G.; Koo, S. M., Inorg. Chem. 1992, 31, 
2996-8. 
69. Tatsumi, K.; Sekiguchi, Y.; Nakamura, A.; Cramer, R. E.; Rupp, J. J., J. Am. 
Chem. Soc. 1986, 108, 1358-9. 
70. Martin, G.; Ascanio, J., React. Kinet. Catal. Lett. 1989, 38, 153-8. 
71. Kornblum, N.; Pinnick, H. W., J. Org. Chem. 1972, 37, 2050-2051. 
72. Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G. S., Organometallics 
1994, 13, 1646-1655. 
73. Brumaghim, J. L.; Priepot, J. G.; Girolami, G. S., Organometallics 1999, 18, 
2139-2144. 
 
 
 
  
94 
 
Chapter 4:  The Synthesis and Characterization of Pd3(µ2-NBut2)2(µ2-PPh2)Ph(PPh3) 
         and Ni[N(t-Bu)2](PPh3)I. 
 
Introduction 
 Compared to amides of early transition metals, there are relatively few dialkyl 
amides of group 10 and other late transition metals.1  It is generally believed that the 
dearth of late transition metal dialkyl amides is a result of the mismatch between the hard 
amide ligands and the soft late transition metals and the inability of late transition metals 
to serve as π-acceptors for the lone pair electrons of the amide ligand.2  In recent years 
the number of group 10 amides has increased significantly as their possible role in the 
catalysis of C-N bond formations through insertion or addition reactions with CO2, 
RNCO, CO, aryl halides, and alkenes has stirred interest.3-13 
 One of the earliest methods employed to encourage the formation of complexes 
between hard amides and soft late transition metals was the use of multidentate ligands.  
Fryzuk found that the tridentate ligand N(SiMe2CH2PPh2)2, in which soft phosphine 
functionality has been added to an otherwise hard amide ligand, forms stable amides of 
NiII, PdII, and PtII.14, 15  A much more common method for synthesizing group 10 
transition metal amides has been the use of aryl amides such as HNPh and NPh2.3, 16-33  
The electron withdrawing nature of the aryl groups helps stabilize these transition metal 
amides by reducing the π-donor ability of the amide ligand.  Despite the reduced basicity 
of aryl amides, they are still basic enough to form bridges between two metal centers and 
it is not uncommon for amide-bridged dimers to form.16-21 
 Alkyl amides are not only more donating than aryl amides but they have a 
tendency to undergo β-hydrogen elimination reactions.5, 6 As a result of these attributes, 
95 
 
very few alkyl amides of group 10 transition metals have been isolated to date.  Klein and 
coworkers synthesized a series of dinuclear nickel complexes with bridging NMe2 
groups.34  Park and coworkers later synthesized a monomeric palladium alkyl amide by 
also using the NMe2 ligand.35  Driver and Hartwig have reported a dinculear palladium 
complex with a bridging HN(t-Bu) ligand.33  Herein we briefly report the synthesis of 
two new group 10 alkyl amides, one of nickel and one of palladium. 
Results and Discussion 
Synthesis and Structure of Pd3(µ2-NBut2)2(µ2-PPh2)Ph(PPh3). The treatment of 
PdCl2(PPh3)2 with LiN(t-Bu)2 in benzene affords a brown solution.  After the solution is 
filtered and the solvent removed under vacuum, the resulting residue can be crystallized 
from pentane olive green prisms of Pd3(µ2-NBut2)2(µ2-PPh2)Ph(PPh3) (1). 
 The molecular structure of 1 was determined by X-ray crystallography at -80 ⁰C 
(Figure 4.1). Crystal data are presented in Table 4.1; selected bond lengths and angles can 
be found in Table 4.2.  Compound 1 is a trinuclear palladium cluster consisting of a 
central Pd triangle with bond lengths of 2.656(2) Å for Pd(1)-Pd(2), 2.727(1) Å for 
Pd(2)-Pd(3) and 3.072(1) Å for Pd(3)-Pd(1).  Di(tert-butyl)amido groups bridge between 
Pd(1) and Pd(2) with Pd(1)-N(2) and Pd(2)-N(2) distances of 2.111(9) and 2.122(8) Å, 
respectively, and between Pd(2) and Pd(3) with Pd(2)-N(1) and Pd(3)-N(1) distances of 
2.090(9) and 2.134(10) Å.  A PPh2 group bridges Pd(1) and Pd(3) with Pd(1)-P(1) and 
Pd(3)-P(1) distances of 2.203(3) and 2.307(4) Å, respectively. The Pd(3)-P(1) bond is 
longer than the Pd(1)-P(1) bond, presumably because the former bond is lengthened 
owing to steric repulsions between the PPh2 ligand and the sterically bulky terminal PPh3 
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ligand on Pd(3).   The PPh3 group bound to Pd(3) has a Pd(3)-P(2) bond length of 
2.303(3) Å.  The Pd(1)-C(1) bond length between Pd(1) and the phenyl group is 2.067(6) 
Å.   
  
Figure 4.1.  Molecular structure of 1.  The 30% probability density surfaces are shown;  
         hydrogen atoms are omitted for clarity. 
   
Triangular palladium clusters are well known, most commonly with bridging 
ligands such as carbonyls, halogens, isonitriles, and sulfur dioxide.36-39  To our 
knowledge there is only one other triangular palladium cluster with a bridging amido 
group.17  The palladium cluster, [Pd3(PEt3)3(µ2-NPh)2(µ2-NHPh)]Cl, synthesized by Lee 
and Trogler, has one bridging amido group and two bridging imido groups.  The 
[Pd3(PEt3)3(µ2-NPh)2(µ2-NHPh)]Cl cluster also has a terminal neutral ligand (PEt3) on 
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each palladium.  These terminal Lewis base ligands are a common feature in palladium 
cluster chemistry.36-39  Compound 1 is not only the first di(tert-butyl)amido complex of a 
second or third row transition metal ever reported but in contrast to [Pd3(PEt3)3(µ2-
NPh)2(µ2-NHPh)]Cl 1 has two bridging amido groups that are situated with a nearly 
linear N-Pd-N angel of 171.0(4) ⁰ (Table 4.2).  Compound 1 is also unusual in that Pd(2) 
lacks a terminal ligand, presumably because the extremely bulky di(tert-butyl)amido 
ligands prevent the coordination of a PPh3 ligand.  It may prove possible for a Lewis base 
smaller than PPh3 to coordinate to Pd(2).  The Pd(2)-Pd(3) bond length is long for a 42 
electron Pd cluster, which usually have Pd-Pd distances in the range of 2.576(1) to 
2.719(6) Å.36  However, bond lengths of this magnitude have been observed in 
compounds with similarly bulky bridging ligands however.40   
Determining the oxidation states of the three Pd atoms in the structure is not 
trivial.  Overall the three Pd atoms in 1 have a +4 charge but it is not clear how that 
charge is distributed.  For example, Pd(2) could be zero-valent and the other two Pd 
centers being PdII centers.  This view is most consistent with the observed coordination 
geometries:  Pd(2) can be viewed as a linear two-coordinate center (ignoring the Pd-Pd 
interactions), and this coordination geometry is common for Pd0.  Correspondingly, the 
other two Pd centers have planar ligand arrays, which is consistent with a PdII oxidation 
state.  Alternatively, Pd(2) could be PdII and the other two Pd centers could be PdI.  This 
view is less consistent with the observed coordination geometries and is also less 
consistent with the observed Pd-Pd and Pd-ligand distances:  it would be expected that if 
Pd(1) and Pd(3) were both PdII centers and Pd(2) was a PdI  that the bond length between 
Pd(1) and Pd(3) would be smaller than those between Pd(2) and the other Pd atoms 
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because the higher oxidation state would result in a higher Zeff and less d-d orbital 
overlap.  Therefore it is likely that Pd(1), Pd(2), and Pd(3) have oxidations states II, 0, 
and II respectively. 
 
 1 2 
Formula  
 
 
  Pd3[N(t-Bu)2]2(PPh3)(Ph)(PPh2)             Ni[N(t-Bu)2]PPh3I 
Formula Weight  
 
  1100.30             576.12 
Temp. (K)  
 
  193(2)             193(2) 
λ (Å)  
 
  0.71073             0.71073 
Cryst. Syst.  
 
  Orthorhombic             Monoclinic 
Space Group  
 
  P212121             P21/n 
a (Å)  
 
  13.543(4)             10.651(4) 
b (Å)  
 
  22.101(6)             17.717(2) 
c (Å)  
 
  32.719(9)             14.584(5) 
α (°)  
 
  90             90 
β (°)  
 
  90             107.804(35 
γ (°)  
 
  90             90 
V (Å
3
)  
 
  9794(5)             2620.3(15) 
Z, ρ
calc 
(g cm
-3
)  
 
  8, 1.492             4, 1.460 
μ (mm
-1
)  
 
  1.191             1.992 
F(000)  
 
  684             1168 
Crystal Size (mm)  
 
  0.02 × 0.14 × 0.15             0.08 × 0.10 × 0.36 
θ range (°)  
 
  1.55 – 25.38             1.86  – 25.43 
Rflns: Total/Unique  
 
  77882 / 17941             20066 / 4824 
R(int)  
 
  0.2667             0.1052 
Abs. Corr.  
 
  Face-indexed             Face-indexed 
Max., Min. Transm. Factors.  
 
  0.976, 0.814             0.841, 0.488 
Data/Restraints/Params  
 
  17941 / 434 / 920             4824 / 0 / 277 
GOF on F
2 
 
  0.743             0.906 
R
1 
[I>2σ(I)]  
 
  0.0598             0.0408 
wR
2 
(all data)  
 
  0.0692             0.1014 
Ext. Coeff.  
 
  NA             NA 
Max., Min. Δρ
elect 
(e.A
-3
)    0.923, -0.511             0.641, -0.418 
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Table 4.1.  Crystallographic data for Pd3(µ2-NBut2)2(µ2-PPh2)Ph(PPh3) and                   
        Ni[N(t-Bu)2](PPh3)I. 
  Bond Distances (Å)   
Pd(1)-Pd(2)   2.656(2) Pd(3)-N(1) 2.134(10) N(1)-C(71) 1.555(14) 
Pd(2)-Pd(3) 2.727(1) Pd(1)-C(1) 2.067(6) N(2)-C(81) 1.520(12) 
Pd(3)-Pd(1) 3.072(1) Pd(1)-P(1) 2.203(3) N(2)-C(91) 1.503(12) 
Pd(1)-N(2) 2.111(9) Pd(3)-P(1) 2.307(4)   
Pd(2)-N(2) 2.122(8) Pd(3)-P(2) 2.303(3)   
Pd(2)-N(1) 2.090(9) N(1)-C(61) 1.472(13)   
  
Bond Angles (⁰) 
 
 
Pd(1)-Pd(2)-Pd(3) 69.57(4) 
 
N(1)-Pd(3)-P(2) 113.4(3) 
Pd(2)-Pd(1)-Pd(3) 56.30(4) 
 
N(2)-Pd(1)-C(1) 111.4(3) 
Pd(2)-Pd(3)-Pd(1) 54.14(4) 
 
P(1)-Pd(3)-P(2) 97.96(13) 
Pd(1)-P(1)-Pd(3) 85.81(12) 
 
P(1)-Pd(1)-C(1) 92.4(2) 
Pd(1)-N(2)-Pd(2) 77.7(2) 
 
C(61)-N(1)-C(71) 117.6(10) 
Pd(2)-N(1)-Pd(3) 80.4(3) 
 
C(81)-N(2)-C(91) 118.4(8) 
N(1)-Pd(2)-N(2) 171.0(4) C(11)-P(1)-C(21) 106.2(4) 
    
 
Table 4.2.  Selected bond lengths and angles for 1. 
 
Synthesis and Structure of Ni[N(t-Bu)2](PPh3)I.  The reaction of NiI2(PPh3)2 
with two equivalents of LiN(t-Bu)2 in benzene yields a red solution.  After the solution is 
filtered and the solvent is removed under vacuum, the red solid can be crystallized from 
pentane to afford red prisms of the three-coordinate nickel(II) complex Ni[N(t-
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Bu)2](PPh3)I (2).  This compound is only the second di(tert-buytl)amido complex of 
nickel ever reported, with the first being reported in chapter 2 of this thesis.   
The molecular structure of 2 was determined by X-ray crystallography at -80 ⁰C.  
(Figure 4.2).  Crystal data are presented in Table 4.1; selected bond lengths and angles 
can be found in Table 4.3.  Compound 2 is a three-coordinate Ni(II) complex consisting 
of an amido, iodo, and phosphine ligand.  The Ni-N, Ni-P and Ni-I bond lengths are 
1.801(4), 2.176(2), and  2.508(1) Å respectively.  Owing in part to interligand steric 
effects, and in part to electronic effects that favor T-shaped geometries for three-
coordinate d8 centers,12, 4142 the N(1)-Ni(1)-P(1) bond angle is 138.66(12)⁰ while the 
P(1)-Ni(1)-I(1) bond angle is small 99.44(4)⁰.  The Ni-N bond in 2 is slightly shorter than 
the three coordinate Ni complexes of N(SiMe3)2.  The NiI complex Ni(PPh3)2N(SiMe3)2 
and the NiII Ni[(2,6-iPr2C6H3)2nacnac][N(SiMe3)2] have Ni-N bond lengths of 1.88 and 
1.87 Å respectively.43, 44 
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Figure 4.2.  Molecular structure of 2.  The 30% probability density surfaces are      
         shown; hydrogen atoms are omitted for clarity. 
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  Bond Distances (Å)   
Ni(1)-N(1)   1.801(4) P(1)-C(15) 1.821(5) C(5)-C(7) 1.557(8) 
Ni(1)-I(1) 2.508(1) P(1)-C(21) 1.835(5) C(5)-C(8) 1.474(9) 
Ni(1)-P(1) 2.176(2) C(1)-C(2) 1.506(8)   
N(1)-C(1) 1.481(7) C(1)-C(3) 1.529(7)   
N(1)-C(5) 1.514(7) C(1)-C(4) 1.521(8)   
P(1)-C(9) 1.836(4) C(5)-C(6) 1.514(8)   
  
Bond Angles (⁰) 
 
 
Ni(1)-N(1)-C(1) 120.6(3) 
 
N(1)-Ni(1)-P(1) 138.66(12) 
Ni(1)-N(1)-C(5) 116.8(4) 
 
N(1)-Ni(1)-I(1) 121.87(11) 
Ni(1)-P(1)-C(9) 114.73(15) 
 
I(1)-Ni(1)-P(1) 99.44(4) 
Ni(1)-P(1)-C(15) 116.17(14) 
 
C(1)-N(1)-C(5) 122.2(4) 
Ni(1)-P(1)-C(21) 114.25(18) C(9)-P(1)-C(15) 103.2(2) 
    
 
Table 4.3.  Selected bond lengths and angles for 2. 
 
  
Compound 1 is a rare example of three-coordinate nickel complex.  Although NiI 
is the most common oxidation state for three-coordinate nickel, there are also examples 
of three-coordinate complexes of NiII (Table 4.4).  In synthesizing three-coordinate nickel 
complexes, two strategies are common:  the first is to use bulky chelating ligands, such as 
β-diketiminate derivatives, to occupy most of the coordination sphere around the metal 
center;25, 42, 44, 45 the second method is to employ ligands capable of being π-acceptors, 
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such as aryl phosphines and carbon monoxide, to stabilize the complex.  Even when π-
accepting ligands are employed it is still necessary to use bulky ligands to help saturate 
the coordinate sphere.43, 46-48  
 
Compound Ni Ox. 
State 
Structurally 
Characterized? 
Reference 
[NiCl3]- II No 49 
Ni(PPh3)2Cl ˑ THF I Yes 47 
[Ni(mes)3][Li(THF)4] II Yes 41 
Ni[P-o-(Tol)3]3 0 No 48 
Ni[N(SiMe3)2](PPh3)2 I Yes 43 
Ni[(2,6-iPr2C6H3)2nacnac][N(SiMe3)2] II Yes 44 
Ni[(2,6-iPr2C6H3)2tBuCNCHNCBut](THF) I Yes 25, 42 
Ni[(2,6-iPr2C6H3)2nacnac](CO) I Yes 42 
Ni[2,5-(adamanyl)2C3N2H2](CO)2 I Yes 46 
Ni[2,5-(t-Bu)2C3N2H2](CO)2 I Yes 46 
Ni[(2,6-iPr2C6H3)N=CHC6H4N(2,6-iPr2C6H3)](PPh3) I Yes 45 
Ni[(2,6-iPr2C6H3)N=CHC6H4N(2,6-Me2C6H3)2](PPh3) I Yes 45 
Ni[N(t-Bu)2](PPh3)I II Yes This Work 
 
Table 4.4.  Known examples of three-coordinate nickel complexes.   
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 Interestingly, when Bradley and coworkers attempted a similar reaction of 
NiCl2(PPh3)2 with LiN(SiMe3)2, they obtained the Ni(I) complex Ni[N(SiMe3)2](PPh3)2 
as opposed to a NiII complex similar to 1.43  That LiN(t-Bu)2 produces a NiII species 
whereas LiN(SiMe3)2 affords a NiI product is somewhat surprising because it is expected 
that N(t-Bu)2 will be both a better sigma and pi donor than N(SiMe3)2 and therefore more 
reducing.  The low yield of our reaction makes it unwarranted to propose any specific 
reasons for this difference.  However, we can point out that there is another example of 
how di(tert-butyl)amido chemistry can be affected by the choice of halide: in chapter 1, 
we found that treating FeCl2 with LiN(t-Bu)2 produces Fe0 but a similar reaction of FeI2 
with LiN(t-Bu)2 yields a Fe(II) product.   
Adding more equivalents of the lithium amide to 1 does not afford an isolable 
product in which the iodo ligand is replaced by a second amido group.  Interestingly, 
however, we can prepare Ni[N(t-Bu)2]2 by a route that avoids the use of phosphine 
ligands (see chapter 2). 
Experimental   
All operations were carried out in a vacuum or under argon with standard Schlenk 
techniques.  Solvents were distilled under nitrogen from sodium benzophenone.  The 
reagents PdCl2(PPh3)2, and NiI2(PPh3)2 were made by treating the corresponding metal 
halide with excess PPh3 in refluxing THF.5051  The compound LiN(t-Bu)2 was prepared 
by a modified literature method.52  
 Elemental analyses were performed by the University of Illinois Microanalytical 
Laboratory.  The IR spectra were obtained on a Nicolet Impact 410 spectrometer as Nujol 
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mulls between KBr plates.  The 1H data were recorded on a Varian Unity-500 
spectrometer at 11.75 T.  Chemical shifts are reported in δ units (positive shifts to higher 
frequency) relative to TMS.  X-ray crystallographic data were collected at the University 
of Illinois Materials Chemistry Laboratory. 
Bis[µ2-di(tert-butyl)amido](µ2-diphenylphosphido)phenyl(triphenylphos-
phine)tripalladium. Dichlorobis(triphenylphosphine)palladium(II) (2.11 g, 3.01 mmol) 
and lithium di(tert-butyl)amide (0.81 g, 5.99 mmol) were mixed and benzene (40 mL) 
was added via syringe.  The mixture was stirred for 18 h and then the solvent was 
removed in vacuum.  The solid was extracted with pentane (30 mL), the extract was 
concentrated to ~5 mL and cooled to -20 °C for 16 h to afford the product as green 
prisms.  Yield:  0.02 g.  Anal. Calcd for Pd3P2N2C52H66:  C, 56.8; H, 6.05, N, 2.55.   
Found:  C, 56.6, H, 5.53, N, 2.55.  IR (cm-1):  1585 (w), 1560(w), 1355 (w), 1308 (w), 
1263 (w), 1177 (m, br), 1097 (m), 1050 (w), 1013 (m), 850 (w), 740 (m), 719 (m), 700 
(m), 689(m), 528 (m), 517 (w), 492 (m). 
[Di(tert-butyl)amido](iodo)(triphenylphosphine)nickel(II).  Nickel(II) iodide 
bis(triphenylphosphine) (2.51 g, 11.1 mmol) and LiN(t-Bu)2 (50.0 g, mmol) were mixed 
and benzene (40 mL) was added via syringe.  The mixture was stirred for 2 h and then the 
solvent was removed under vacuum.  The solid was extracted with pentane (30 mL), and 
the extract was concentrated to ~5 mL and cooled to -20 °C for 16 h to afford the product 
as red prisms.  Yield:  0.08 g (4.6 %).  Excess PPh3 made EA difficult to obtain.  IR (cm-
1):  1585 (w), 1570 (w), 1433 (s), 1347 (w), 1182 (br), 1121 (w), 896 (w), 882(w), 744 
(s), 696 (s), 540 (m), 527 (s), 510 (s), 491(m), 444(w), 430 (w), 412 (m)   
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Crystallographic Studies.53  Single crystals of Pd3(µ2-NBut2)2(µ2-PPh2)Ph(PPh3) 
(1), grown from pentane were mounted on glass fibers with Paratone-N oil (Exxon) and 
immediately cooled to -75 °C in a cold nitrogen gas stream on the diffractometer.  
Crystals of Ni[N(t-Bu)2](PPh3)I (2) were obtained and treated similarly.  Standard peak 
search and indexing procedures gave rough cell dimensions, and least squares refinement 
using 852 reflections for 1 and 870 reflections for 2 yielded the cell dimensions given in 
Table 4.1. Data were collected with an area detector by using the measurement 
parameters listed in Table 4.1.  The measured intensities were reduced to structure factor 
amplitudes and their esd's by correction for background, scan speed, and Lorentz and 
polarization effects.  Systematically absent reflections were deleted and symmetry 
equivalent reflections were averaged to yield the set of unique data.  The structures were 
solved using direct methods (SHELXTL).  The analytical approximations to the 
scattering factors were used, and all structure factors were corrected for both real and 
imaginary components of anomalous dispersion.  Final refinement parameters are given 
in Table 4.1.  A final analysis of variance between observed and calculated structure 
factors showed no apparent errors. 
1:  Systematic absences for h00 (h ≠ 2n), 0k0 (k ≠ 2n), and 00l (l ≠ 2n) were only 
consistent with space group P212121. Although corrections for crystal decay were 
unnecessary,  a face-indexed absorption correction was applied, the maximum and 
minimum transmission factors being 0.976 and 0.814.  Eight reflections (302, -113, 421, -
241, 400, 232, 126, -111) were found to be statistical outliers and were deleted; the 
remaining 17941 unique data were used in the least squares refinement.  
The structure was solved using direct methods.  Correct positions for all the non-
hydrogen atoms were deduced from an E-map.  The quantity minimized by the least-
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squares program was Σw(Fo2 - Fc2)2, where w = {[σ(Fo)]2 + (0.0057P)2}-1 and P = (Fo2 
+ 2Fc2)/3.  In the final cycle of least squares, independent anisotropic displacement 
factors were refined for the non-hydrogen atoms.  The phenyl groups were given 
idealized hexagonal geometries with C-C = 1.39 Å.  The displacement parameters for 
neighboring atoms were constrained to be similar (DELU command).  Eight carbon 
atoms and one nitrogen atom required more stringent constraints to prevent them from 
becoming non-positive definite.  Hydrogen atoms were placed in idealized positions with 
C-H = 0.98 and 0.95 Å for methyl and aryl hydrogens respectively.  The displacement 
parameters for methyl and aryl hydrogens were set to 1.5 times Ueq and 1.2 times Ueq for 
the attached carbon atom, respectively.  No correction for isotropic extinction was 
necessary.  Analysis of the diffraction intensities suggested slight inversion twinning;  
therefore, the intensities were calculated from the equation I = xIa + (1-x)Ib, where x is a 
scale factor that relates the volumes of the inversion-related twin components.  The scale 
factor refined to a value of 0.37(4).  Successful convergence was indicated by the 
maximum shift/error of 0.000 for the last cycle. The largest peak in the final Fourier 
difference map (0.92 eÅ-3) was located 0.41 Å from Pd1. 
2:  Systematic absences for 0k0 (k ≠ 2n) and h0l (h + l ≠ 2n) were only consistent 
with space group P21/n.   Although corrections for crystal decay were unnecessary, a 
face-indexed absorption correction was applied, the maximum and minimum 
transmission factors being 0.841 and 0.488.  The 0 4 1 reflection was a statistical outlier 
and was deleted; the remaining 4824 data were used in the least squares refinement.  
 The quantity minimized by the least-squares program was Σw(Fo2 - Fc2)2, where 
w = {[σ(Fo2)]2 + (0.0424P)2}-1 and P = (Fo2 + 2Fc2)/3.  In the final cycle of least 
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squares, independent anisotropic displacement factors were refined for all nonhydrogen 
atoms.  The hydrogen atoms were fixed in “idealized” positions with their isotropic 
displacement parameters set equal to 1.5 times Ueq for the attached methyl carbon atom 
or 1.2 times Ueq for the attached aryl carbon atom.  Successful convergence was indicated 
by the maximum shift/error of 0.001 for the last cycle.  The largest peak in the final 
Fourier difference map (0.64 eÅ-3) was located 1.05 Å from P1 and 1.13 Å from Ni1.   
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Chapter 5:  Chemical Vapor Deposition of Late Transition Metal Nitride Films   
         from Mn[N(t-Bu)2]2 and Fe[N(t-Bu)2]2  
 
Introduction 
 Late transition metal nitrides have garnered some interest in recent years1, 2 for 
uses in magnetic storage devices and superconductors.3  Traditionally metal nitrides have 
been made by treating metal or metal halides with ammonia or dinitrogen gas at high 
temperatures.4, 5  Although this approach works well for early transition metals, late 
transition metals nitrides tend to lose N2 and generate pure metal at high temperatures and 
ambient pressures.  Attempts to synthesize late transition metal nitrides using nitriding 
agents such as Li3N have also proved unsuccessful.6  In order to synthesize late transition 
metal nitrides, alternative methods are clearly necessary. 
Early synthetic techniques for late transition metal nitrides were complicated and 
not universal; deoxidizing Fe2O3 with hydrogen followed by a nitriding reaction affords 
Fe2N for example.7, 8  Recently, Jacobs and coworkers have obtained metal nitrides by 
treating metal powders with supercritical ammonia.9, 10  Several groups have found that 
extremely high pressures (10 GPa) and temperatures (1200 K) can afford a variety of late 
transition metal nitrides such as PtN, Co2N, Fe2N andNi3N.2, 11, 12  D.C. reactive 
sputtering has been used to synthesize the previously unknown mononitrides FeN and 
CoN.13, 14  Although these techniques show promise for the synthesis of both known and 
new late transition metal nitrides in bulk, they generally are not useful for the synthesis of 
thin films of these materials. 
Low temperature chemical vapor deposition (CVD) is a prime candidate for 
depositing thin films of late transition metal nitrides.  Unfortunately there are very few 
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precursors that are chemically suitable (contain M-N bonds) for the growth of late 
transition metal nitrides, and even fewer of those are volatile.  Consequently, very little 
research has been done in this area.  One group of complexes that seemingly meet the 
chemical and volatility requirements are the bis(trimethylsilyl)amido complexes.  
Chisholm has shown that CVD of the bis(trimethylsilyl)amido complexes of late 
transition metals grow pure metal films completely devoid of nitrogen.15  In a separate, 
non-CVD, experiment however, Chisholm showed that the reaction of the 
bis(trimethylsilyl)amido complexes with ammonia produced precipitates composed of 
MNx, (M = Fe, Co, Ni and Cu).16  Chisholm’s results suggest that it may be possible to 
grow late transition metal nitrides using a technique that has been known to work for 
early transition metal nitrides, namely the use of ammonia as a coreactant during film 
growth.5, 17-20  In order for this method to be effective, the CVD precursor not only has to 
be volatile but it also has to be reactive toward ammonia.  One set of compounds that are 
both volatile enough and reactive enough towards ammonia consists of the di(tert-
butyl)amido complexes of the late transition metals (Chapter 2).  Herein we will discuss 
the first attempts to grow late transition metal nitride films using Mn[N(t-Bu)2]2 and 
Fe[N(t-Bu)2]2. 
 
Results and Discussion 
 All four of the known two-coordinate late transition metal complexes of di(tert-
butyl)amide  (M[N(t-Bu)2]2; M = Mn, Fe, Co, Ni) are easily synthesized by treating a 
corresponding metal halide with lithium di(tert-butyl)amide (Chapter 2).  All of the 
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complexes are significantly volatile, all being sublimable under vacuum at room 
temperature except Mn[N(t-Bu)2]2, which begins to sublime at 40 ⁰C.  For CVD studies, 
the source container could be kept at these very low temperatures..  In contrast, other 
volatile amides of late transition metals sublime at temperatures higher than 100 ⁰C, if 
they sublime at all.15   
CVD from Mn[N(t-Bu)2]2.  To grow thin films from Mn[N(t-Bu)2]2, it is 
necessary to heat the precursor container, Tcon, to 40 ⁰C, while using 10 sccm of 
dinitrogen as a carrier gas.  The films nucleate quickly on a silicon(100) substrate at 300 
⁰C, Tsub, but the growth rate of only 0.1 nm/min is extremely slow, and several hours of 
growth are necessary to obtain films thick enough to characterize.  The resulting thin 
films are grey and adherent.  Auger electron spectroscopy (AES) reveals that the films 
are composed of 52 at. % Mn, 33 at. % C and 15 at. % O (Table 5.1).  The films were 
exposed to air briefly while be transferred to the spectrometer and this is a likely source 
of oxygen. 
 
Precursor Tcon (⁰C) Tsub (⁰C) Growth Rate 
(nm/min) 
Nucleation 
Delay (s) 
AES Results 
(at. %) 
Mn[N(t-Bu)2]2 40 300 0.1  Instantaneous Mn = 52 %,    
C = 33 %,      
O = 15 %, 
Fe[N(t-Bu)2]2 ambient 300 1.3 65  Fe = 69 %,     
C = 29 %,      
N + O < 1 % 
 
Table 5.1.  Growth conditions and results for films employing Mn[N(t-Bu)2]2 and   
        Mn[N(t-Bu)2]2 in the absence of ammonia. 
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Scanning electron microscopy (SEM) of the Mn films grown directly from 
Mn[N(t-Bu)2]2 show that the films are 19 nm thick after 200 min of growth.  The films 
are continuous, compact, and have a globular microstructure (Figure 5.1).  Attempts to 
increase the growth rate by depositing on amorphous chromium substrates, which we 
thought might promote bond cleavage reactions that would lead to faster growth kinetics, 
result in films that are non-continuous, porous, carbonaceous, and highly susceptible to 
oxidation within seconds upon being exposed to air.(Figure 5.2). 
 
 
Figure 5.1.  SEM micrographs showing thickness and morphology of films grown on    
          silicon(100) at 300 ⁰C using Mn[N(t-Bu)2]2 with a N2 flow rate of 10 sccm    
         in the absence of ammonia. 
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Figure 5.2.  SEM micrograph showing typical porous non-continuous film grown on   
         amorphous chromium using di(tert-butyl)amido CVD precursors.  Film  
         grown at 500 ⁰C with 10 sccm of N2 used as a carrier gas.   
 
 In order to obtain metal nitride films that are free of carbon, we investigated the 
effect of adding ammonia to the growth stream.  When a 4.3 sccm flow of anhydrous 
ammonia is added through a second dosing tube, the growth rate at 300 ⁰C increases by 
over a factor of 50 to 5.3 nm/min.  The resulting bronze colored adherent films consist of 
60 at. % Mn and 14 at. % N with impurities of 15 at. % C and 10 at. % O.  Interestingly, 
at lower growth temperatures, the amount of carbon present in the film decreases.  Films 
grown at 200, 100, and 80 ⁰C were virtually carbon free, with carbon contents under the 
detection limit of the instrument (1%).  The nitrogen content also increases at these lower 
temperatures, to 26 – 28 at. % (Table 5.2).  These Mn:N ratios are consistent with a 
formula of Mn5N2.  Prelinger first reported the synthesisis of Mn5N2 in 1894 by passing 
ammonia over finely divided manganese metal that had been heated to redness.21  More 
recently, the physical properties of Mn5N2 have been studied with attention paid to its 
magnetic behavior.22, 23 
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Growth rates in the presence of ammonia are 4.5 and 3.5 nm/min at 200 and 100 
⁰C, respectively, and are still quite reasonable, 2.1 nm/min, at 80 ⁰C.  Growth can be 
observed in situ by ellipsometry even at 50 ⁰C, but the growth rate at temperatures below 
80 ⁰C is extremely slow and these films were not analyzed.  An Arrhenius plot of 
ln(growth rate) versus 1/T (Figure 5.3) shows that the apparent activation energy for this 
deposition process is 6.2 kJ/mol. 
 The sticking probability of NH3 on Si(100) is 0.9 at 60 ⁰C, as determined by 
Takaoka and Kusunoki,24 therefore,  at low temperatures the surface coverage of 
adsorbates (principally NH3) must be high.  This high surface coverage may result in site 
blocking, which could be responsible for the low and relatively constant growth rate at 
temperatures between 50 and 70 ⁰C.  As the  
Tsub (⁰C) Growth Rate 
(nm/min) 
Nucleation Delay (s) AES Results           
(at. %) 
300 5.3 35 Mn = 60 %, N = 14 %, 
C = 15 %, O = 10 % 
200 4.5 13 Mn = 64 %, N = 28 %, 
C < 1 %, O = 7 % 
100 3.5 84 Mn = 64 %, N = 27 %, 
C < 1 %, O = 8 % 
80 2.1 136 Mn = 65 %, N = 26 %, 
C < 1 %, O = 9 % 
 
Table 5.2.  Comparison of ‘manganese nitride’ films grown at different temperatures in   
       the presences of anhydrous ammonia. 
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Figure 5.3.  Arrhenius plot for the growth of manganese nitride films from                
         Mn[N(t-Bu)2]2 in the presence of ammonia. 
 
temperature increases, the sticking probability of NH3 decreases and at 80 ⁰C the growth 
rate becomes rapid again.  As shown by Takaoka and Kusunoki By 300 ⁰C the sticking 
probability has dropped below 0.55.24  A lower sticking coefficient, and consequent 
lower surface concentrations of NH3, may make C-H and C-N bond activation reactions 
competitive with the primary manganese nitride growth mechanism.  Activation of C-H 
and N-H bonds would account for the increased carbon content in the films at higher 
temperature.  To test this hypothesis, more films need to be grown at intermediate and 
increasing temperatures. 
The thickness and the morphology of the films also greatly improve when 
ammonia is added to the growth stream .  At all temperatures, the films are columnar 
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(Figure 5.4), but as the temperature decreases, the column spacings increase.  These 
increased spacings are consistent with lower mobility of surface species at lower 
temperatures.25 
The oxygen in the films could arise either from the incorporation of oxygen from 
the chamber background into the film during growth, or as a result of oxidation during 
the brief time the film is exposed to air while being transferred for AES analysis.  
Because the background oxygen in the growth chamber is very low and the growth rate is 
relatively fast, we feel it is unlikely that significant amounts of oxygen are incorporated 
during growth.  The gaps between the columns very likely enable the rapid diffusion of 
oxygen deep into the film.  Films left exposed to the air for 30 minutes often show bulk 
oxygen concentrations of over 20 %, which further supports the idea that post-growth 
exposure to atmospheric oxygen is responsible for the oxygen seen.  It is likely that the 
as-grown films are free of carbon and oxygen. 
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Figure 5.4.  Comparison of films grown from Mn[N(t-Bu)2]2 and ammonia on Si(100) at   
          different   temperatures.  The flow rates of the carrier gas and NH3 were 10   
         and 4.3 sccm respectively.   
 
 
CVD from Fe[N(t-Bu)2]2.  To grow films from Fe[N(t-Bu)2]2, it is necessary to 
use 10 sccm of N2 as a carrier gas to obtain reasonable transport and growth rates.  Unlike 
growth from the Mn[N(t-Bu)2]2 precursor, heating the source container is not necessary.  
Nucleation occurs quickly (65 s) at 300 ⁰C and the growth rate at this temperature is 1.3 
nm/min.  The resulting films proved more resistant to oxidation than those obtained from 
300 ⁰C 200 ⁰C
100 ⁰C 80 ⁰C 
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the Mn precursor, and less than 1 % O was seen in the bulk (Table 5.1).  The rest of the 
film consisted of 69 % Fe and 30 % C, with less than 1 % nitrogen present.   
After 40 min of growth, the grey adherent films are 53 nm thick as judged by 
SEM (Figure 5.5).  The films are compact and continuous.  Attempts to increase growth 
rate by conducting the depositions on amorphous chromium substrates give results 
similar to those for seen for Mn[N(t-Bu)2]2 on this substrate (see above). 
 
 
Figure 5.5.  SEM micrographs showing thickness and morphology of films grown on 
Si(100) from  Fe[N(t-Bu)2]2 in the absence of ammonia. 
 
Conclusions.  To our knowledge, these results constitute the first demonstration 
of the growth of manganese nitride films by CVD.  The manganese nitride films can be 
deposited even at the extremely low temperature of 80 ⁰C with a respectable growth rate 
of 2.1 nm/min.  The composition of the films grown in the presence of ammonia is 
consistent with the formula Mn5N2.  At temperatures of 300 ⁰C or above, carbon begins 
to be incorporated into the films as a result of C-H or C-N bond breaking reactions 
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becoming competitive with ammonolysis.  Films grown in the absence of ammonia were 
high in carbon and growth rates were slow. 
 
Experimental 
 The precursors were synthesized using as described in Chapter 2 using standard 
schlenk techniques.  The highly air sensitive compounds were stored under argon until 
use when, they were loaded in a dry box into a stainless steel containers equipped with an 
inlet that can be connected to a carrier gas as well as an outlet for connection directly to 
the chamber.  The films were grown on degenerately doped n-type Si(100) (SiliconQuest 
International) or onto amorphous Cr evaporated onto a Si(100) wafer.  Immediately 
before use, the substrates were cleaned with ultrasonic washes of trichloroethane, 
acetone, isopropanol, and finally deionized water.  The silicon substrates were then 
washed in a 10% HF solution to remove the native oxide. 
Chemical Vapor Deposition.  The films were grown in a previously described 
chamber with a base pressure of 1.7 × 10-7 torr.26  Dinitrogen carrier gas was flowed 
through the precursor reservoir at a rate of 10 sccm and controlled by a mass flow 
controller; the partial pressure of precursor and carrier gas in the chamber was 1.3 mTorr.  
Anhydrous ammonia was flowed through a separate dosing rod at a rate of 4.3 sccm, 
which corresponded to an ammonia pressure in the chamber of ~0.200 mTorr.  For 
temperatures at or above 300 ⁰C, the substrates were heated resistively by passing a 
current directly through the substrate.  The temperature inhomogeneity was estimated to 
be ± 10 ⁰C.  For temperatures below 300 ⁰C, the substrates were heated radiatively from a 
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tungsten filmanet?  Deposition temperatures were measured by an infrared pyrometer 
(Omega) during resistive heating and by a K-type thermocouple during radiative heating.  
When it was necessary to heat the precursor container, it was immersed in a water bath 
and the temperature was monitored by an alcohol thermometer.  Growth was monitored 
in situ by ellipsometry (J.A. Woolam Co.). 
Film Characterization.  Film thicknesses and continuity were determined by 
cross-sectional high resolution scanning electron microscopy on a Hitachi S-4700 
scanning electron microscope.  The compositions of films grown on silicon were 
determined by Auger electron microscopy using a Physical Electronics PHI 660 Auger 
electron microprobe.  Films grown on amorphous chromium were analyzed by X-ray 
photoelectron spectroscopy using a Physical Electronics PHI 5400 X-ray photoelectron 
spectrometer.   
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